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ABSTRACT

Perfluorooctanoic acid (PFOA), a surfactant, is a member of the perfluoroalkyl
acids (PFAAs) family and is a contaminant of emerging concern for human and
environmental health. PFOA is a persistent organic pollutant but currently little is known
about (1) the potential ecological and toxicological effects of PFOA and (2) how PFOA
moves in the environment. This study employs a radiotracer (14C-PFOA) to study the
uptake and effects of PFOA in hydroponically grown Brassica juncea, a representative
crop species. Plants were exposed in quadruplicate over the course of seven days (with
plants sampled on day 4 and day 7) to PFOA concentrations of 0, 1, 5, 10, and 15 mg/L.
Several biological endpoints were observed including chlorophyll content, biomass,
height, and leaf number. Uptake was quantified via liquid scintillation counting of
samples from the nutrient solution (ns), roots, stems, and leaves. These data suggest that
there are no adverse effects associated with exposure to PFOA. The conservative
bioconcentration factor (BCF) ranges for the roots, leaves, and stems are 1.74 ± 0.09 to
23.62 ± 1.24 gns/groot, 3.14 ± 0.18 to 24.43 ± 1.28 gns/gleaves, 0.36 ± 0.02 to 18.45 ± 0.97
gns/gstem, respectively. This work has shown a need to reconsider how PFOA, and
possibly other PFAS compounds, are being sampled in determining the concentration of
contaminants in the nutrient solution and consequently the BCF.
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CHAPTER ONE
INTRODUCTION

Perfluorooctanoic acid (PFOA), a surfactant, is a member of the perfluoroalkyl
acids (PFAAs) family and is a contaminant of emerging concern (CEC) for human and
environmental health (ITRC PFAS Team, 2021). PFOA (also known as C8) is a
persistent organic pollutant but currently little is known about (1) the potential ecological
and toxicological effects of PFOA and (2) how PFOA moves in the environment.
The work herein seeks to improve fundamental understanding of PFOA behavior
and effects in the environment by quantifying uptake in hydroponically grown Brassica
juncea, a common crop species, and monitoring various biological endpoints associated
with this uptake. More specifically, the goal of this work is to (1) identify if exposure to
PFOA over one week across a range of concentrations (0, 1, 5, 10, 15 mg/L) induces
observable biological changes in B. juncea and (2) determine bioconcentration factors
associated with PFOA uptake in specific plant parts (i.e., roots, shoots, and leaves).
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CHAPTER TWO
RESEARCH OBJECTIVES

This research seeks to understand the uptake and effects of perfluorooctanoic acid
(PFOA) in a representative crop species, Brassica juncea, on a benchtop scale. The first
portion of this work was to determine the appropriate concentrations of PFOA that
influenced the growth of B. juncea in small scale seed germination assays. The second
main objective was to examine the uptake and impact of PFOA on the growth and
development of a hydroponically grown B. juncea seedling. The final objective was to
ensure the activity was balanced in the hydroponically grown B. juncea partly through
quantifying the PFOA sorbed to laboratory equipment. Little work has been done
studying PFOA ecotoxicity, and to date, this will be the first research studying
ecotoxicology from PFOA on B. juncea. The specific experiments conducted to respond
to these objectives are outlined below.
1. Conduct agar plate experiments
2. Conduct hydroponic experiments
3. Analyze plants
a. Chlorophyll, biomass, relative water content, height, and leaf number
assays
b. Root, leaf, and stem uptake quantified by LSC
4. Quantify concentration ratios
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It is hypothesized that exposure to this contaminant will cause harm to the plants
in the form of retarded growth at high enough concentrations. There is likely a
concentration that causes enough damage that the seeds do not germinate at all, or if they
do, they grow very little. Based on previous studies, it is hypothesized that the leaves will
have the highest concentration of PFOA taken up followed by the roots and then stems
(Felizeter et al., 2014). Note that the leaves and seeds are the main parts of this crop that
are consumed.
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CHAPTER THREE
BACKGROUND

Environmental contaminants pose a risk to human and environmental health
through direct intake of the contaminant (e.g., inhalation of contaminated air or ingestion
of contaminated water) or through transport through the food chain (e.g., ingestion of
contaminated food). It is therefore important to study the uptake of hazardous materials
by plants which can potentially be consumed by people or animals (Liu et al., 2007 and
Martin & Griswold, 2009). Understanding the extent to which a contaminant can move
through the food chain will help inform risk estimates. Moreover, observing the impact of
a contaminant on plants themselves can provide an indication of impact to ecological
health (Diekmann, 2003). Indicator species are species that their presence or absence in
the environment can give a prediction of the overall health of the ecosystem.

3.1 Crop Species of Interest
B. juncea is a leafy green crop species, also known as brown mustard, Indian
mustard, or Chinese mustard, that is used for a variety of purposes in cooking (Duke,
1983). It is also considered a hyperaccumulator (Szczygłowska et al., 2011), meaning that
it takes up certain metals to a much greater extent than many other plant species.
Hyperaccumulating plants are frequently employed in phytoremediation strategies. B.
juncea is also considered an indicator species due to its high tolerance to the heavy
metals taken up (Roychowdhury et al., 2017). As a relevant food crop that has a known
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tendency to accumulate contaminants, B. juncea was chosen as the species of interest in
this work.
B. juncea is easier to grow than some other members of the Brassicaceae family
and is one of the top four most cultivated species (Gupta, 2016). To harvest the seeds of
B. juncea, the plants are grown for 40-60 days depending on the growing conditions but
for the mustard greens, the desired time is the time to obtain leaves 15-30 cm in length
(Duke, 1983). However, it is common to assess effects of immature plants in benchtop
studies. For example, Arabidopsis thaliana is a widely studied indicator plant species, but
takes about 4-5 weeks to develop full rosettes (Diaz, 2019).

3.2 Contaminant of Interest
PFOA is a surfactant and repels oil, grease, and water (Teaf et al., 2019). As such
it does not break down in water so persists in the environment, able to travel many miles
from a release point. A major source of PFOA groundwater contamination is found at
airports and on military bases from firefighting foam exercises (EPA, 2021a and Teaf et
al., 2019) due to the large volumes of foam used and the PFOA in them. Various other
ways that PFOA can enter the ecosystem include runoff from a factory using/producing
PFOA and commercial household products like dishes, carpet, waxes (EPA, 2021a), and
it is even in popcorn bags.
The dominant exposure route of concern for PFOA is ingestion of contaminated
food (PDOH, 2018) and consumption of contaminated water (CDC, 2017). Food can
become contaminated through the water that it is growing in or if an animal consumes
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contaminated food or water and then is consumed by a human. There are several
proposed means of PFOA uptake into plants including (1) apoplastic and symplastic
routes (Wang et al., 2020), (2) via the root (Li & Li, 2021), and (3) involving anion
channels (Wen et al, 2013), however it is suggested that the transport process and
pathways are plant species specific (Mei et al., 2021) and each of these uptake means
were determined with different plants; (1) Canna indica and Cyperus alternifolius, (2)
Lactuca sativa, and (3) Zea mays.
According to Teaf et al. (2019), as of the early 2000’s more than 99% of the
general population of the United States had PFOA present in their blood, but blood
concentrations have decreased by approximately 63% over the subsequent 15 years.
Although this news is promising, the extent of removal of PFOA from the human body
and the lasting effects of exposure to PFOA are not yet known. The EPA set health
advisory levels for PFOA and perfluorooctane sulfonic acid (PFOS) combined to be 70
parts per trillion or 70 ng/L in water for a lifetime (2021b), but Hu et al. (2016) found that
the drinking water supply for more than 6 million US residents exceeds this number. In
an agreement with the EPA in 2009, DuPont was required to lower the PFOA
concentration in the drinking water; the water was to be treated and bottled water was to
be given to residents on public or private water systems that had concentrations more
than 0.4 ppb (400 ng/L) of PFOA (EPA, 2009).
Following contamination from a DuPont Plant near West Virginia, the average
concentration of PFOA detected in the blood of workers and community members was
32.9 µg/L (Frisbee et al., 2009). In animal studies, it was found that nearly 95% of the
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PFOA ingested was bioavailable (i.e., it was transferred to the blood) (Lupton & Hakk,
2021). The aforementioned agreement (EPA, 2009) lowered the allowable limit of PFOA
in the water from 500 ng/L to 400 ng/L because concentrations of 298 to 369 ppb were
detected in the bloodstreams of residents living in the most heavily affected areas. On
average, the concentration of PFOA in the bloodstream in people consuming the water
that was contaminated by DuPont was 28 ppb whereas the national average was 5 ppb
(EPA, 2009).

3.3 Radiotracers
Radiotracers are commonly employed in agriculture and medicine as a way of
tracking where a specific material (e.g., fertilizer, medicine, a protein, etc.) is
accumulating or the path it is taking (Ruth, 2009). It is common that a stable atom is
replaced with an unstable isotope and then radiation detection instruments are used to
trace the radioactive materials. One of the first radiotracer experiments was performed by
chemist Georg von Hevesy in 1911 (McCready, 2016). In this experiment, von Hevesy
suspected that his boarding house was serving leftovers rather than fresh meals, so he
took a small amount of 212Pb and added it to his remaining food one day. He was able to
detect this radioactivity in a subsequent meal using a radiation detector borrowed from
his laboratory, concluding that the food was in fact not freshly prepared. This is thought
to be one of the first uses of radiotracers and they have continued to be used since then in
medicine as well as agricultural research.
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While von Hevesy worked with radiotracers in animals, he also worked with
radiotracers in plants, for example he used radioactive lead to study lead uptake into
primarily Vicia faba (Hevesy, 1923). Uptake of 32P by plants has been studied by
researchers for decades (Stout and Hoagland, 1939 and Larsen, 1952). A common
experiment was to track the uptake of fertilizer into various compartments of plants using
a fertilizer doped with 32P (Singh et al., 2013, Russell et al., 1949).

3.3.1 Carbon-14
Carbon-14 is both a naturally occurring and anthropogenic radionuclide. The beta
particle emitted in the decay has an average energy of 49.47 keV and a maximum of
156.48 keV (Taskaev, 2010). Naturally occurring 14C is created in the atmosphere:
14

N (n,p) 14C ⇒

14

N + neutron → 14C + proton

A man-made contributor to the 14C is in nuclear reactors. In a nuclear reactor, there are
five reactions that will produce 14C that are normal from neutrons activating fuel, water,
or structural material inside the reactor (Davis, Jr., 1977):
14
17

N (n, p) 14C

O (n, α) 14C

13
16

C (n, γ) 14C

O (n, 3He) 14C

15

N (n, 2H) 14C

The halflife of 14C is 5700 years and there is a low natural abundance
(Engelkemeir, 1949). These two properties along with the low energy beta particle
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emitted make the radionuclide an ideal isotope to use for tracer experiments as it will not
decay quickly, the natural background is low so it will not greatly impact the tracer, and
there is not a large external hazard from working with the isotope. However, due to the
low natural abundance, synthesized 14C is typically used in favor over natural 14C. A
significant amount of 14C was also created in the atomic testing of nuclear bombs which
resulted in higher than normal abundances of 14C in the environment (Eisenbud & Gesell,
1997). Carbon dating is one of the most used techniques for dating previously living
organisms such as people, plants, or animals. This is because 14C is taken into the
organism and maintains a relatively stable concentration throughout life. Once death of
the organism occurs, 14C is no longer taken into the body and the once constant amount
of 14C begins to decay.

3.4 Liquid Scintillation Counting
Liquid scintillation counting (LSC) is a technique commonly used to quantify
alpha and beta radiation in a solution. Carbon-14 emits a low energy beta in the decay
which is why this was the counting technique chosen. When counting a sample in the
liquid scintillation counter, either a plastic or glass liquid scintillation vial is used to
which the sample and liquid scintillation cocktail is added. The cocktail consists of a
primary scintillator (a fluorescent material), a secondary scintillator if necessary, and a
solvent that dissolves the scintillators (Neame & Homewood, 1974). The energy emitted
in the radioactive decay is released into the cocktail and is absorbed by the scintillator
and then the energy is re-emitted as light. This light is then detected in the
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photomultiplier tubes contained in the liquid scintillation counter (Neame & Homeword,
1974). The absolute detection efficiency for 14C using LSC is around 95% with the range
based on counting conditions dropping as low as 70% (Neame & Homeword, 1974).
Since the solvent is a majority of the solution, the beta particle emitted by 14C
interacts with the solvent almost instantaneously. However, the presence of chemicals,
color, or sample matter can reduce the number of decays reaching the photomultiplier
tube; this is called quench. If a sample is quenched, the pulse voltage is reduced (Neame
& Homeword, 1974). The energy of the particles does not decrease, but rather the light
produced and transmitted decreases. It is similar to putting sunglasses on when it is
bright: the sun is still the same brightness, but it is perceived as dimmed. There is
minimal chemical quench that would occur in this experiment, but the possibility of the
chlorophyll leaching from the plants is possible as well as the plant matter itself
quenching the radiation.

3.5 Related Studies
Research into potential health effects is emerging regarding these ‘forever
chemicals’ as public and government interest increase (Stahl et al., 2008, Wei et al.,
2013, Ulhaq et al., 2015, Blake & Fenton, 2020, and Lupton & Hakk, 2021). One study
looked at the effects on the crops by measuring the bioaccumulation in the samples; they
found that the bioaccumulation of PFOA was greatly dependent on the concentration of
PFOA present in the soil (Stahl et al., 2008). Statistically significant reduction in yield
was observed in three different crop types (maize, potato, and spring wheat) for
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concentrations of PFOA and perfluorooctane sulfonic acid (PFOS) at 50 mg/kg as
aqueous solution and no statistically significant yield change was observed in the other
two crop species (oats and perennial ryegrass) (Stahl et al., 2008).
Another study looked at the effects of PFOA and PFOS on maize for treatments
ranging from 1-200 mg/L. They found that for concentrations greater than 200 mg/L of
PFOA the root biomass was decreased by 87% and the shoot biomass was decreased by
58% (Wei et al., 2013). Aside from the 1 mg/L, all other concentrations tested (10, 50,
100, 200 mg/L) resulted in decreased biomasses for both roots and shoots that were
statistically significant (Wei et al., 2013). Felizeter et al. (2014) studied the uptake of
PFAS compounds into three crop species, including cabbage, zucchini, and tomatoes.
The relevant combination was PFOA and cabbage, another member of the Brassicaceae
family. In this experiment, the nutrient solution was changed multiple times during the
course of the experiment. At the end of the trial, the roots, leaves, stems, and nutrient
solution were quantified via HPLC. The bioconcentration factors (BCF) were defined to
be the concentration in plant (ng/g FW) per concentration in nutrient solution (ng/mL) for
roots, leaves, and stems. The hydroponic BCFs were found to be 45 mL/groots , 11
mL/gleaves , and 2 mL/gstem for the roots, leaves, and stems, respectively. Tien-Chi (2021)
found that the soil bioconcentration factors of PFOA into B. juncea were 1.2-1.8 gsoil/groot
for the roots and 7.6-10.8 gsoil/gshoot for the shoots depending on the type of solution the
soil was watered with. The transfer factor (concentration in the shoots per concentration
in the roots) was found to range between 4.2-8.7 groot/gshoot.
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Carbon-14 has been used in a variety of different types of tracer experiments.
Based on previous labeling of Arjun bark using tritium, Lele (2010) investigated the
uptake of 14C into plants through soil grown in radiolabeled manure. After determining
the uptake into different compartments, edible plant parts were given to small animals to
study the biodistribution of the plant matter within the animal (Lele, 2010). The uptake
and translocation of 14C labeled acetic acid was determined for a variety of plant species
including radish, carrot, and paddy rice among others in a series of hydroponic, sand, and
chamber experiments (Ogiyama et al., 2008). An interesting thing discovered in this
experiment was that there was a loss of 14C in the form of 14CO2 but the radioactive gas
was not assimilated back into the plant via photosynthesis.
While 14C is not the contaminant of interest, one of the carbons in PFOA can be
replaced with the radioactive isotope, so spiking a known amount of radiolabeled PFOA
into the growing medium in addition to a known amount of the normal PFOA and
homogenizing the solution allows for the amount of PFOA to be determined based on the
activity of 14C present in the sample. As of currently, there are a few other research
groups that used LSC to measure 14C -PFOA concentration (Ulhaq et al., 2015, Knight et
al., 2019, Lupton et al., 2012, Vanden Heuvel et al., 1991, and Lupton & Kakk, 2021),
but only one of those groups is investigating uptake in plants. Plant tissues as well as 100
mg of various rat tissues were analyzed via LSC using Carbo-sorb E, Permafluor E, and
Ecolite cocktails after feeding rats alfalfa that was grown in a 14C -PFOA contaminated
media (Lupton & Hakk, 2021). A major finding from Lupton and Hakk (2021) was that
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only 0.09% of the PFOA was taken into the alfalfa but 95% of the PFOA consumed was
bioavailable to the mice.

3.6 Experimental Summary
Agar germination assays are common in order to determine the length and
responses of various plants because they enable highly controlled experiments to identify
appropriate concentration ranges for future experiments (Xu et al., 2013). Beginning with
an agar study, concentrations could be tested in an environment where no other stressors
would be present, then contaminant concentration was varied in a hydroponics study to
measure uptake into the plant and translocation without the effect of an outside source
aiding or hindering the movements of the contaminant from the media. While this is not
the way that the environment works, these benchtop experiments shed light into uptake
and translocation through B. juncea and future work could investigate the effect of uptake
based on soil content.
Starting in an agar plate trial before moving to a hydroponic experiment is
preferable to determine an adequate PFOA concentration that causes biological effects.
While B. juncea is a soil grown crop species, it is preferable not to go into a soil study
right away because as previous research has found, the contents of the soil that Brassica
chinensis seeds were grown in affected the uptake of PFOA (Zhao et al., 2011). An
experiment conducted in soil has more variables and thus the environmental conditions
would be harder to control than in a hydroponic study. Hydroponics studies allow uptake
and translocation to be determined once an appropriate contaminant level has been found
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in agar plate trials to cause biological effects. The current question of interest can be
better addressed with greater control over the environmental conditions of the
experiment.
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CHAPTER FOUR
MATERIALS AND METHODS

4.1 Agar Plates
Agar plate germination assays are commonly used to evaluate the germination
and early growth rate of Arabidopsis thaliana seeds (e.g., Yang et al., 2015). Previous
studies in our laboratory have used this type of assay to examine the effects of
contaminant exposure (estrogen and 32P) in A. thaliana (Manglass et al., unpublished
data), which was adapted to B. juncea for this study. Germination rate and subsequent
cotyledon/leaf and root growth/architecture are metrics used to assess adverse effects of
contaminant exposure, commonly used as preliminary work for identifying concentration
ranges for follow-up studies. Similarly, the motivation for use of agar plate assays in this
study was to identify the appropriate concentrations of PFOA that influence the growth of
B. juncea.

4.1.1 Preparing the Agar Plates
Aseptic techniques were used in preparing culture dishes in order to see the effect
the contaminant had on the growth of the seeds. If the process is not sterile, there is the
possibility that mold can enter the plates and kill the seedlings. The nutrient solution agar
was created by combining 0.5 g MES hydrate (Sigma, Lot #SLBP4102V, St Louis, MO),
4.31 g Murashige and Skoog (MS) Basal Medium, called MS salts (Sigma, Lot
#SLBX4306, St Louis, MO), and 1 L of DDI water together in a 1-L autoclave safe

27

bottle. Then half of the solution (~502 mL) was put into a second 1-L autoclave safe
bottle after the solution was thoroughly homogenized. 6.0 g of agar (Sigma, Lot
#SLBS8479, St Louis, MO) was then added to each bottle. Agar does not dissolve in
water as readily as MES hydrate and MS salts, so it was essential to add the agar into the
bottles after the homogenous solution was separated.
Each bottle was sealed and had autoclave indicator tape placed on the lid; the lid
needed to be loosened before going into the autoclave because of the pressure difference
that would occur in the bottle if it was not open. The autoclave (Sterilelink, Number 000538) was set to cycle 3 if agar solution is being autoclaved or set to cycle 2 if pipette tips,
stir rods, beakers, or other solid materials were being autoclaved with no liquid media
present. Solid materials being used were covered with tin foil before going into the
autoclave and the foil was not removed outside of the Labscono Biosafety Cabinet (Serial
Number: 180643583G) in order to keep them sterile. Even after being autoclaved,
everything was sprayed with 70% ethanol and then sat in the hood’s UV light in order to
kill any other bacteria that may have been present on the outside from exposure from the
autoclave to the hood. The materials that could not be sterilized in the autoclave were
sterilized in an alternate fashion. DDI water was filtered using a 1 mL syringe and a GE
Healthcare PURADISC 25 AS Disposable Filter Device while in the Biosafety Cabinet
and the filtered water was put into a sealed 15 mL centrifuge tube then subsequently
placed in the refrigerator for storage and use in later trials.
There were two types of PFOA acquired for this research: liquid and dry. The
liquid PFOA (Wellington Laboratories, Lot PFOA0720) arrived in a sealed glass vial that
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could not be resealed, so the contents were transferred to a sterile 1.5 mL centrifuge tube.
The methanolic PFOA solution was only utilized to dope the agar. The dry PFOA
(Sigma-Aldrich, Lot #WXBD3549V) needed to be weighed, so it was not sterile initially,
but was left in the UV light of the Biosafety Cabinet in order to sterilize.
Any extra agar solution that had been autoclaved and was unopened was kept in
an environmental chamber (aka growth chamber) (Caron, Model: 7301-22-1) for future
use. On the day of pouring plates, the agar was placed in a hot water bath Fisher
Scientific Isotemp GDP 10 (SN: 300373943) set at 100 degrees Celsius to reliquify. After
liquifying, the temperature was lowered to 55 degrees Fahrenheit and the bottle remained
there until it could be comfortably handled by a gloved hand.
To ensure sterility in the plates, they were poured in the hood after everything was
sterile. For most trials there were three concentrations and a control; three replicates were
made for each concentration, including the control. In order to ensure quality mixing, a
Powerpipette (Jencons, Number: AH7863) was used in conjunction with a VWR 25 mL
Serological Pipette. 75 mL was pipetted into the beaker and then the contaminant was
added into the beaker as well and the contents were mixed. The final 25 mL was added to
the mixed beaker and then the solution was mixed again. This whole process needed to be
conducted quickly to ensure that the agar did not have time to begin setting prematurely.
The 8 cm by 8 cm plates were poured in order of increasing concentration beginning with
the controls to avoid accidental contamination. A 150 mL beaker was used to pour the
100 mL of contaminated agar into the three plates resulting in approximately 33 mL into
each plate. In retrospect, it might have been valuable to vary the amount of agar in each
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plate to find the ideal volume in future experimental work. Approximately 33 mL of the
solution was poured into each plate while ensuring that all parts of the bottom of each
plate are covered. After pouring the agar for each plate, the plates were left to solidify in
the Biosafety Cabinet for approximately 15 minutes while the seeds were being prepped.
The B. juncea seeds could not be autoclaved, so in order to ensure that they were
sterile, they were soaked in a 50-50 bleach solution for at least 5 minutes and then rinsed
with 1 mL of sterile DDI water at least four times; the water and seeds were agitated with
air during each rinse to ensure that a majority of the bleach solution was removed from
the exterior of the seeds. A sterile toothpick was then used to plant the seeds into the
solidified agar. There were five seeds in each plate (Figure 4.1). Parafilm was brought
into the hood and sterilized via ethanol and UV rays as discussed before being placed
around the edge of the plates to ensure that the plates remained sterile and unexposed to
unintentional contaminants. After the seeds were planted in the agar and the parafilm was
surrounding all sides of the plates, they were moved into the growth chamber (where the
extra agar was stored).
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Figure 4.1. B. juncea growing in sealed agar plates. There is approximately 33 mL of agar in this plate.
Note that in the second sample from the left the root has popped out of the agar and was consequently
deemed unmeasurable.

A summary of all concentrations measured can be seen in Table 4.1. Recall that
each concentration was done in a triplicate and originally had 5 seeds per plate. There
was a control and three other treatments (except trial D) in each trial, low (L), mid (M),
and high (H).

Table 4.1. Concentrations tested in various agar plate trials. Note controls (0 ng/L PFOA)
were included in each trial.
Low Treatment
Mid Treatment
High Treatment
Trial
(ng/L)
(ng/L)
(ng/L)
A
50
100
300
B
50
500
4⨯104
C
300
3⨯103
3⨯104
4
D
-8.3⨯10
1⨯105
E
1⨯105
5⨯105
1⨯106
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4.1.2 Determination of Growing Conditions
As with any plant, there is an ideal set of growing conditions for B. juncea.
Without consistent growing conditions, results will not be able to be compared with other
results. Consistency is necessary in this study, so an environmental chamber was used
with the following settings: 115

μmol
m2 ∙s

(photosynthetic photon flux density), 50% humidity,

25 degrees Celsius, and a photoperiod of 16 hours. During the 8 off hours, the
photosynthetic photon flux density was lowered to 0

μmol
m2 ∙s

and the temperature was

lowered to 18 degrees Celsius. The growing conditions were determined using previous
work along with knowledge from experts in the field (Lee et al., 2002 and Vatehova et
al., 2012). The lack of photoperiods can cause stress on the plants, but they will grow
faster without a photoperiod. Since this experiment was to see the effects of the
contaminant, a photoperiod was used to reduce the extraneous stress on the seedling. An
additional measure taken to minimize the stress on the plants can be seen in Figure 4.2. A
cardboard device was made to ensure that no direct light was passed through the sides of
the plates to illuminate the roots.
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Figure 4.2. B. juncea growing in the environmental chamber with a device to block light from entering the
plates except through the tops.

4.1.3 Biological Effects Observed
A variety of concentrations of PFOA were tested in an attempt to observe
biological effects. In this experiment the length of the root of each plant was recorded
twice per day until the roots reached the end of the plate. The concentration for the next
trial depended on the results of the previous trial. For example, if X ng/L did not appear
to stunt the growth or the maturity of the plants, in the next trial, the concentration was
increased by about an order of magnitude to Y ng/L. If Y concentration was too much
and no seeds grew, or none of them reached the end, that concentration was determined
to be too high and the following trial would have a lower concentration, where this new
concentration would be chosen based on how severe the effects were.

4.2 Hydroponically Grown Seedlings
When the growing medium was changed to nutrient solution rather than agar, the
concentrations of PFOA were increased in an attempt to identify concentrations that
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would induce biological effects. Recall that two of the main pathways for ingestion of
PFOA are through drinking water and consumption of contaminated crops. As mentioned
before, the organic and inorganic matter present in the environment shape how PFOA
will interact with the plant (Zhao et al., 2011) so more controlled environments were
desired. The concentration range of interest was 400 ng/L to 15 mg/L PFOA. These
specific levels were chosen because the EPA limit in water is 400 ng/L and above 1 mg/L
is of interest because there were no effects seen in agar plates at 1 mg/L (see section 5.1),
but previous research saw effects at 5 mg/L PFOA in an agar plate study with A. thaliana
(Yang, 2015).

4.2.1 Growing B. juncea Hydroponically
In order to determine how much PFOA was taken into a plant, the plant first
needed to be big enough that it could survive in a hydroponic setting. Previous studies
have shown that the maturity of the plant affects how much contaminant is taken into the
plant (e.g., Montgomery et al., 2018), so it was important to ensure that every plant in the
trial was at the same maturity. This was ensured by first growing B. juncea seeds in the
environmental chamber with the same settings as in the agar trials. Each seed was in a
piece of rockwool that was soaked in nutrient solution and the rockwool was put in a
plastic bin that was covered in plastic wrap with ventilation holes poked in it. The
nutrient solution of choice was a Hoagland solution diluted to half strength (Caisson, Lot
09200012). Half strength concentration was decided after finding multiple articles testing
various strengths (Gibeaut et al., 1997, Guo et al., 2002, and Zhang et al., 2019); full
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strength was avoided due to adverse interactions, osmotic effects, and ion toxicity due to
the large quantities of certain nutrients present in the solution (Gibeaut et al., 1997) and
lower strengths did not give the seedlings ample nutrients to grow.
Five days after germination, the plastic wrap was removed from the container and
the seedlings were grown in the growth chamber for an additional four days uncovered
(see Figures 4.3 a and b). After the nine days, the seedlings were carefully removed from
the rockwool with care taken to minimize breaking of the roots and then the seedlings
were placed into an aerated 250 mL wide mouth Erlenmeyer flask inside a walk in hood
with a 16 hour photoperiod. While the EPA recommends that glass not be used when
handling PFOA (2008), plastic flasks were deemed unsteady to safely hold the
radioactive material as opposed to the Erlenmeyer flasks. The flask was covered in tin
foil and filled with contaminant-free nutrient solution. The foil was necessary to prevent
additional stress to the roots from exposure to light. An acclimation period of a week was
necessary to ensure the plants would survive outside the growth chamber and that the
roots had ample time to grow in order to reach the solution during the spiked part of the
experiment. In the flask, a foam cloning collar was used to keep the seedling afloat
during the seven-day acclimation period.
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a.

b.

Figures 4.3 a and b. B. juncea germinating in rockwool. The seeds are placed in rockwool to germinate
that is filled with half strength Hoagland nutrient solution. The container is wrapped in clear wrap and
punctured for aeration (4.3 a, left) and put in the growth chamber for five days. For the last four days, the
wrap is removed, and the solution is refilled as necessary (4.3 b, right).

4.2.2 Spiking the Hoagland Nutrient Solution
After the acclimation period concluded, the nutrient solution was removed from
each flask and fresh solution was spiked with PFOA and 14C-PFOA, and homogenized
before adding the plant back in. Once the plants were removed from the flasks, they were
placed on a towel soaked in nutrient solution to ensure they did not start drying out while
the flasks were being prepared. Each flask was emptied and rinsed to remove any
rockwool that fell off the roots or any other nutrients that had settled in the flasks. 250
mL of fresh nutrient solution was added to the empty flasks and weighed. The amount of
contaminant added to each flask was calculated based on volume, but everything was
weighed as well for an accurate PFOA calculation. To ensure a homogenous mixture, the
vial was gently swirled after the 250 mL of Hoagland nutrient solution and all
contaminants were added. It was done at this step because the final 300 mL was too much
to swirl without the risk of spilling. The final weight before adding the samples was the
additional 50 mL which was used as an additional means for homogenizing the solution.
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These measurements allowed for precise concentrations of the contaminant to be
determined in each flask.
Each trial was conducted for a time period short enough to ensure no plants ran
out of solution, 7 days. After the solution was spiked, to avoid contaminants being
removed absorbed into the sponge cloning collar, a foam cloning collar was used in place
to hold up the seedlings. The experimental setup for the uptake trials (involving 14C PFOA) can be seen in Figure 4.4. There were 8 flasks for each treatment and four were
sampled on day 4 and the remaining four from each treatment were sampled on day 7.

Figure 4.4. Conceptual model of the hydroponic experimental set up. Each treatment has 8 replicates that
will be sampled in quadruplicates on days 4 and 7 (created in BioRender.com).

4.2.2.1 PFOA
A PFOA stock solution was created by diluting a known mass of PFOA salt into
the half strength Hoagland nutrient solution. The concentration of the stock was made to
be 3⨯106 ng/mL, and this concentration was the stock concentration used for each
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hydroponic trial. The stock was kept in a sealed container in the refrigerator. The first
four hydroponic trials were conducted using the same PFOA stock solution, and a fresh
batch was made the day before spiking for the fifth trial. This was done to more
accurately ensure that a minimal amount of PFOA had sorbed to the container where the
stock solution was kept. It is probable that the concentrations of PFOA spiked into the
flasks for the initial hydroponic trials were lower than expected due to the PFOA sorbing
to the walls of the container the stock solution was stored in as the stock was not made
fresh.

4.2.2.2 Carbon-14-PFOA
The 14C -PFOA was purchased through American Radiolabeled Chemicals, Inc
(Product ID: ARC 3046-10 µCi, Lot: 211013, St. Louis, MO) and came in a vial
containing 100 μL with an activity of 10 µCi (0.1 µCi/μL). The original glass vial was
weighed before and after any solution was removed. Experience suggests a detection
limit for 14C of ~10 Bq by LSC, so to determine how much of the 14C -PFOA was
necessary to be added for the first experiment, an assumption about the concentration
factor was made (Calculation A.2). Based on this calculation, 7500 Bq was necessary in
each flask for the first trial to ensure that the activity in the stem could be detected. The
data used to get these values was based on PFOA concentration factors for cabbage
(Felizeter et al., 2014). As mentioned, this paper defines the bioconcentration factor to be
the concentration in the plant part divided by the concentration in the nutrient solution.
The roots had a BCF around 45 mL/g, the leaves had a BCF around 10 mL/g, and the
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stem had a BCF around 2 mL/g (Felizeter et al., 2014) resulting in a total 14C -PFOA
volume of 32.4 µL (rounded to 33) necessary to achieve the 7500 Bq per flask. To get
this into a more reasonable volume to pipette, the 14C -PFOA stock was diluted with
Hoagland nutrient solution. The activity put into each flask for the subsequent trials was
lowered based on the results of the first 14C -PFOA trial.
The 14C -PFOA was suspended in ethanol which evaporates readily.
Consequently, the stock solution was created in a sealing 15 mL centrifuge tube
(11490.43 ± 46.15 Bq/mL for the first trial and the last trial was 9861.14 ± 109.44
Bq/mL). This tube as well as the original 14C -PFOA vial were weighed before and after
spiking occurred. Half of the required nutrient solution was added to the centrifuge tube
and then it was spiked and the remaining half of nutrient solution was then added. The
solution was gently homogenized and then the nutrient solution was added to each flask
in stages to support more homogenous mixing of the solution in the flasks.

4.2.3 Sampling and Analysis
There were five hydroponic trials (HT-1 through HT-5) conducted in total with
concentrations tested ranging from 0.1 mg/L to 15 mg/L. The breakdown of
concentrations used in each hydroponic trial is seen in Table 4.2 The concentrations listed
are the stable PFOA concentration in each flask, but in trials 4 and 5 there was also the
radiotracer used.
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Table 4.2. Concentrations tested in each hydroponic trial. Note controls (0 mg/L PFOA)
were included in each trial.
Low Treatment High Treatment
Trial
(mg/L)
(mg/L)
1
0.1
1
2
5
10
3
5
10
4
5
10
5
1
15
Throughout the course of the experiment, there were non-destructive samples
(height and leaf number) taken and there were two time points of destructive samples
(chlorophyll, biomass, and uptake into leaves, stems, and roots) taken, day 4 and day 7.
Destructive sampling was performed on sampling days after recording plant heights and
number of leaves. Bioconcentration factors along with transfer factors were calculated for
the root, stem, and leaves. The following assays were conducted starting with the
controls, then the lowest concentration treatment, and then the highest concentration
treatment.

4.2.3.1 Height and Leaf Number
The height of each plant was recorded almost daily. Because the cloning collar
covered part of the stem, plant height was measured from node 1 (n = 1; the lowest set of
leaves; in seedlings these are the cotyledons which supply nutrition during the early
stages of the life cycle) to n = max (the highest set of leaves). The plants were not
removed from the collars to measure from the top of the roots to n = max because that
could have caused additional stress on the samples. Since B. juncea leaves grow in pairs,
n=max was the highest split between two leaves (see Figure 4.5). Increased height is an
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indication that the plant is taking in nutrients well and not being affected by an external
stressor.

a.

b.

Figures 4.5 a and b. Close-up of experimental set-up with relevant labels. Depicted on the left is n=1 and
n=max for each sample which were the two points measured between to determine the height. As seen in
the right image, the plants are in the foam cloning collar, not the sponge cloning collar, so these plants have
been spiked with PFOA and 14C -PFOA.

On days the height was recorded, the number of leaves on each plant was also
counted. This is an additional visible biological effect that could be analyzed. Plants that
are not having an adverse effect to the contaminant are expected to grow leaves more
readily along with having an increased height. Both of these measurements were used as
indicators if a biological effect was occurring.

4.2.3.2 Chlorophyll Analysis
The chlorophyll assay is a commonly used technique to determine if there is
deterioration in a plant. Since chlorophyll is how plants create their energy, more
chlorophyll equates to a healthier plant. This assay was conducted using subsamples of

41

representative leaves by removing the pair of leaves that was the lowest n-value large
enough for three 0.6 mm in diameter punches to be taken from the smallest plant across
all three treatment groups. Every sample from each treatment group had three holes
punched out using a 0.6 mm cork borer. To keep the plants from drying prematurely,
plants were left in the flasks while the chlorophyll assay was being conducted. For
consistency, the same node was used on both sampling days. The two leaves
corresponding to the sampling node were removed and weighed. After the three punches
were taken, the leaves were weighed again to determine the biomass that was used in the
chlorophyll assay.
Leaf punches were added to 2 mL of 100% ethanol in a small vial (Soyza et al.,
1990 and Martinez et al., 2018). Chlorophyll is photosensitive and can degrade if exposed
to light, so this entire assay is conducted in the dark. The vials were sealed and covered
with a paper bag then put in a refrigerator (4°C) for 72 hours. After this time, the samples
were removed and homogenized by inversion. 1.5 mL of the solution was transferred to a
semi-micro polymethyl methacrylate (PMMA) cuvette (VWR) that was then analyzed
using a NanoDrop 2000c UV-Vis spectrophotometer (ThermoScientific, SN S807).
Absorbance of extracted chlorophyll was determined at 665 nm and 649 nm with an
offset of 750 nm as described by Martinez et al. (2018). Chlorophyll-a (chl-a) and -b
(chl-b) were determined using the following equations from Ritchie (2006):

Chlorophyll − a �

μg

� = −5.2007 ⨯ 𝐴𝐴649 + 13.5275 ⨯ 𝐴𝐴665

mL

Chlorophyll − b �

μg

� = 22.4327 ⨯ 𝐴𝐴649 − 7.0741 ⨯ 𝐴𝐴665

mL
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(4.1)
(4.2)

where Ax is the absorbance at x wavelength (nm). Total chlorophyll content (chl-a+b) was
determined by summing chl-a and chl-b.

4.2.3.3 Fresh Weight/Biomass
Upon completion of the chlorophyll determination assay, plants were removed
one at a time from their flask and the roots were gently dried using a paper towel. Shoots
were carefully separated from the roots with suture scissors. Leaves and stems were also
separated. Approximately 200 mg of the root, 200 mg of the leaves, and 200 mg of the
stem (or less depending on the size of the plant) were weighed and set aside for LSC (i.e.,
uptake) analysis. The remaining plant material was cut into small pieces and leaves,
stems, and roots were weighed separately. To determine overall fresh biomass, the
subsample for determination of uptake, the biomass used in the chlorophyll assay, as well
as the remaining plant material were summed. Note that the leaves used for chlorophyll
analysis had a small time to dry before being weighed, and overall fresh biomass does not
include the leaf disks used for chlorophyll analysis. The remaining plant matter was
allowed to dry to constant weight in a desiccator.

4.2.3.4 Relative Water Content (RWC)
The relative water content (RWC) of a plant is the difference in the fresh and dry
masses of the plant relative to the fresh mass, or equivalently, one minus the ratio of the
dry mass of the plant to the fresh mass of the plant (Martinez et al., 2015).
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RWC =

𝑚𝑚fresh −𝑚𝑚dry
𝑚𝑚fresh

= 1−

𝑚𝑚dry

𝑚𝑚fresh

(4.3)

In Equation 4.3, mx is the mass of the plant and x is indicating that it is either fresh
or dried. On sampling days, the remaining leaf and stem masses were placed into
individual weigh boats and the fresh mass was recorded. Periodically the masses were
reweighed until they were constant and that was the dry mass. Based on sampling
methods, the leaf and stem masses were combined in order to determine the RWC.

4.2.3.5 Contaminant Quantification
The uptake of PFOA was analyzed using the 200 mg aliquots of plant matter.
There are methods of analysis such as liquid chromatography mass spectrometry (LCMS)
and high performance liquid chromatography (HPLC) that can be used to determine
concentrations of PFOA in a sample. However, the analysis was done using a Liquid
Scintillation Counter (LSC) Tri-Carb 4910 TR Liquid Scintillation Analyzer (PerkinElmer) since there was a radiotracer in use.
To avoid self-quenching while using LSC, it was necessary to digest the plant
matter. Samples with 14C present cannot be oven-dried before they are digested because
there is a potential for loss of 14C as 14CO2 if the 14C -PFOA bonds are broken, so these
samples were prepared for LSC using the method by Perkin-Elmer (2008). In this
method, up to 200 mg of finely chopped plant material was placed into a glass
scintillation vial where 1 mL of sodium hypochlorite (bleach with 5% or more available
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chlorine) solution was added over the plant. Swirling was necessary to ensure that the
plant was covered in the bleach; the vials were tightly capped and placed into a hot water
bath at 55°C for two hours. The vials with nutrient solution in them did not get digested,
rather 1 mL of the solution (swirled in flask prior to sampling) was added along with the
15 mL of Hionic Fluor. The uncertainty of the mass of the aliquots (plant and solution)
added to each vial was 0.0001 g for each sample associated with the balance used. During
the first radiolabeled trial, the stem was not measured separately from the leaves, but it
was in the second trial.
After the digestion concluded, the vials were removed and allowed to cool to
room temperature before being vented in a Fisher Hamilton Walk-in Hood and being
blown with air to disperse any remaining chlorine gas created in the heating process.
Note that there was a translucent skeleton remaining of the plant material with no more
chlorophyll (see Figure 4.6 a). To finish the digestion, 15 mL of Hionic-Fluor (PerkinElmer, Akron, OH) was added to the vial before sitting for at least one hour prior to
counting ensuring the complete digestion of plant matter (see Figure 4.6 b). Hionic-Fluor
was the recommended liquid scintillation cocktail by Perkin-Elmer (2008) 1.

This particular cocktail was tailored for samples in strong alkaline media or concentrated cesium chloride
gradients (Perkin-Elmer, n.d.). Since all scintillation vials with plant matter were digested using bleach, the
samples had the chloride gradients ideal for Hionic Fluor.
1
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a.

b.

Figures 4.6 a and b. The image on the left (4.6 a) is an example of leaves in scintillation vials following
initial digestion. There is no chlorophyll remaining and the leaves are now a skeleton. The image on the
right (4.6 b) is the vial containing leaves after the Hionic Fluor liquid scintillation cocktail has been added.
There is no longer any observable plant matter present.

The liquid scintillation counter used was a Tri-Carb 4910 TR Liquid Scintillation
Analyzer (Perkin-Elmer) and the windows are set in energy range. Thus, the windows
used for detecting 14C were 0 or 4 to 160 keV because the possible beta energies emitted
in this decay are between 0 and 156.48 keV. The lower window was measured at 0 keV
and 4 keV in two different regions to determine if noise in the electronics was
contributing to the counts at low energies. Each vial was counted for one hour. Once the
efficiency was calculated (Equation 4.4), the efficiency squared divided by background
count rate could be optimized (Equation 4.5) to determine which lower level to set. Prior
to counting, each vial was allowed to be in ambient light and temperature for at least one
hour as per the directions of the liquid scintillation cocktail. The vials were counted for
one hour each, and if the vials were unable to be measured right away, the samples were

46

stored in a refrigerator without the cocktail in them in case there was degradation in the
cocktail over time.
𝜖𝜖bleach =

𝐶𝐶𝑅𝑅bleach total −𝐶𝐶𝑅𝑅background
𝐴𝐴calculated

Optimization =

=

𝐶𝐶𝐶𝐶bleach

(4.4)

𝐴𝐴calculated

2
𝜖𝜖𝑏𝑏𝑏𝑏𝑒𝑒𝑎𝑎𝑎𝑎ℎ

(4.5)

𝐶𝐶𝐶𝐶 background

where
- 𝜖𝜖 is the 14C detection efficiency in bleach
- CR is the count rate measured on the LSC and the subscripts denote the total vial
measurement (bleach total), the background, and the activity in just the vial
excluding background (bleach)
- A is the calculated activity that should have been present in the sample (in decays
per second).
The LSC window optimization was defined by L’Annuziata and Kessler (1998).
In the above equations, CR stands for the count rate (expressed in counts per minute) and
𝜖𝜖 is the efficiency. For example, Acalculated is the activity that was added to the vials and
CRtotal and CRbackground are the measured count rate on the LSC for the vial and

background, respectively. The uncertainty for the optimization can be used by applying
the standard equation for error propagation (Kirchner, 2008) which states that the
uncertainty for a given equation q = X+ … + Z - (U + … +W) is

∂𝑞𝑞 2

∂𝑞𝑞 2

∂𝑞𝑞 2

𝜎𝜎𝑞𝑞2 = � � ⨯ 𝜎𝜎𝑋𝑋2 + … + � � ⨯ 𝜎𝜎𝑍𝑍2 + � � ⨯ 𝜎𝜎𝑈𝑈2 + … + �
∂𝑋𝑋

where
-

∂𝑞𝑞

∂𝐴𝐴

∂𝑍𝑍

∂𝑈𝑈

∂𝑞𝑞

∂𝑊𝑊

2

2
� ⨯ 𝜎𝜎𝑊𝑊

is the partial derivative of q with respect to a specified variable

𝜎𝜎𝐴𝐴 is the uncertainty associated with each specified variable
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(4.6)

Using Equation 4.6, the uncertainty associated with the calculated efficiency is
given in Equation 4.7. The associated uncertainty with the count rate for the background
as well as each sample is given by 𝜎𝜎CRsample OR background =
𝜎𝜎CRbleach 2

2
𝜎𝜎ϵbleach = �𝜖𝜖bleach
⨯ ��

𝐶𝐶𝑅𝑅bleach

�countssample OR background
timesample OR background

𝜎𝜎Acalculated 2

� + �

𝐴𝐴calculated

� �

.

(4.7)

where
- 𝜎𝜎𝐶𝐶Rbleach is the uncertainty associated with the count rate on the LSC
- 𝜎𝜎Acallculated is the propagated count rate and measurement uncertainty
The uncertainty in the optimization due to the measurements was determined using
Equation 4.6 where the efficiency, 𝜖𝜖, is given by Equation 4.4 and 𝜎𝜎𝜖𝜖 is given by

Equation 4.7.

2𝜎𝜎𝜖𝜖bleach 2

2
𝜎𝜎optimization
= �optimization2 ⨯ ��

𝜖𝜖bleach

𝜎𝜎CRbackground 2

� + �
𝐶𝐶𝑅𝑅

background

� �

(4.8)

All contaminants spiked were determined based on mass as described in Section
4.2.2. due to uncertainties in pipetting. To accurately determine the amount of activity
spiked into each individual flask, the mass of 14C -PFOA-Hoagland nutrient solution was
recorded for each flask for the final trial. The amount of bleach, nutrient solution, plant
mass, and liquid scintillation cocktail added to each LSC vial were recorded on a mass
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basis as well to ensure that an accurate measurement of the activity could be determined
resulting in accurate PFOA concentrations.
In order to determine the counting efficiency of the 14C-PFOA-Hoagland nutrient
solution created, additional standard vials were measured via LSC. The standard vials had
a known amount of the remaining stock solution in them that were all weighed by mass.
The density of the 14C -PFOA-nutrient solution was estimated to be 1 g/mL even though
it would have been slightly larger, because the instrumentation used was not sensitive
enough to differentiate between the two values (Calculation A.1). Each of the additional
LSC vials for standards served a different purpose. There was one that had 1 mL of
bleach added in addition to the stock solution and one vial that had 1 mL of Hoagland
nutrient solution added to the stock solution. The remaining vials were used to determine
the quench created by the leaves, stems, and roots. To do this, up to 200 mg of
uncontaminated leaves, stems, and roots were placed into vials (separately) with a known
amount of 14C-PFOA- nutrient solution stock and then 1 mL of bleach was added to each
vial. Then they were digested in the same fashion as the other vials containing plant
matter. The vial with just bleach also underwent the digestion process to keep it
consistent with the other vials containing bleach. There were multiple masses of leaves,
stems, and roots used to create a quench curve for each type of plant matter because all
masses in this assay were different. This curve was then applied to the counts for all
experiments to account for quench in a similar fashion that efficiency is applied to all
calculations to determine the true activity that is present in each vial.

49

The 14C detection efficiency was calculated for the nutrient solution (ns) and the
detection efficiency in the presence of plant matter were calculated using the following
equations:

𝜖𝜖ns =
𝜖𝜖plant =

𝐶𝐶𝑅𝑅ns total −𝐶𝐶𝑅𝑅background
𝐴𝐴calculated

𝐶𝐶𝑅𝑅plant total −𝐶𝐶𝑅𝑅background
𝐴𝐴calculated ⨯ 𝜖𝜖bleach

=

=

𝐶𝐶𝐶𝐶ns

(4.9)

𝐴𝐴calculated
𝐶𝐶𝑅𝑅plant

𝐴𝐴calculated ⨯ 𝜖𝜖bleach

(4.10)

Once the efficiencies were found for the standards, the quench curves could be
applied to determine the efficiency based on the plant mass added and the activity (dpm)
could be found.

𝐶𝐶𝑅𝑅ns =

𝐶𝐶𝑅𝑅plant =

𝐶𝐶𝑅𝑅ns total −𝐶𝐶𝑅𝑅background

(4.11)

𝜖𝜖ns

𝐶𝐶𝑅𝑅plant total − 𝐶𝐶𝑅𝑅background
𝜖𝜖bleach ⨯ 𝜖𝜖plant

=

𝐶𝐶𝑅𝑅plant

𝜖𝜖bleach ⨯ 𝜖𝜖plant

(4.12)

Each of these values (efficiency or count rate) has an uncertainty associated with
it, but they are all independent of each other, so the error propagation formula can be
applied. Applying Equation 4.6 to the efficiency and count rate calculations in Equations
4.9 - 4.12, the following uncertainty equations were calculated:
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𝜎𝜎CR𝑛𝑛𝑛𝑛 2

2 ⨯ ��
𝜎𝜎ϵns = �𝜖𝜖ns
2
𝜎𝜎ϵplant = �𝜖𝜖plant
⨯ ��

𝐶𝐶𝑅𝑅ns

𝐴𝐴calculated

𝜎𝜎CRplant 2

𝜎𝜎A

2

𝐶𝐶𝑅𝑅plant

𝜎𝜎CRplant =

⨯ ��

𝜎𝜎CRplant 2
𝐶𝐶𝑅𝑅plant

(4.13)

� �
𝜎𝜎ϵ

2

(4.14)

� + � 𝐴𝐴 calculated � + � 𝜖𝜖 bleach � �

2 ⨯ ��
𝜎𝜎CRns = �𝐶𝐶𝑅𝑅ns
2
�𝐶𝐶𝑅𝑅plant

𝜎𝜎Acalculated 2

� + �

calculated

𝜎𝜎CRns 2
𝐶𝐶𝑅𝑅ns

� +�

bleach

𝜎𝜎ϵns 2

� + �

2
𝜖𝜖plant
⨯ 𝜎𝜎ϵ2

𝜖𝜖ns

(4.15)

� �

+ 𝜖𝜖bleach
bleach
2
2
𝜖𝜖plant ⨯ 𝜖𝜖bleach

∙⨯ 𝜎𝜎ϵ2

plant

2

� �

(4.16)

After all nutrient solution aliquots were taken, a 20 mL aliquot from each flask
was put into a 30 mL centrifuge tube and refrigerated and the remaining waste was
discarded into a waste bucket for radiological disposal. The flasks were allowed to dry
completely before being weighed again. After they were dry and weighed, the flasks were
covered with a piece of tin foil until they were ready to be rinsed with ethanol to keep any
debris from entering the flask (see Section 5.3). The aeration tips were kept with the
flasks for measurement as shown in Figure 4.7 (note that the pipette tips were not used to
create the hole for the pipettes to sit in as the tips are very fragile); any broken shards of
the tips were discarded and unable to be used.
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Figure 4.7. The flasks from hydroponic trial 4 waiting to be rinsed with ethanol to desorb the PFOA
potentially sorbed to the walls of the flasks. No controls were retained because if they were contaminated,
that would have been detectable in nutrient solution, leaves, stems, or roots.

4.2.3.6 Concentration Ratios
The term concentration ratio is generic and the context in which it is applied must
be documented; other terms are often used synonymously, including bioaccumulation
factor, bioconcentration factor, and concentration factor. In this work, as we anticipate
uptake of PFOA in the plant, and because it is consistent with usage in other studies this
ratio is referred to as the bioconcentration factor (BCF) (Fjeld, Eisenberg, & Compton,
2017). Here, the BCF refers to the ratio of the concentration of 14C -PFOA in the roots (or
other plant part) compared to the concentration of 14C -PFOA remaining in the aqueous
medium. Transfer factors are the ratio of 14C -PFOA concentrations in the stems or leaves
compared to the concentration of 14C in the roots as this is what was transferred from the
roots to the stem or leaves, respectively. The bioconcentration factor is defined as follows
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where
-

BCF =

𝐶𝐶plant part
𝐶𝐶ns

(4.17)

𝐶𝐶plant part is the concentration in the roots, leaves, or stems

𝐶𝐶ns is the concentration in the nutrient solution when the plants were sampled

Something to note is that root BCF includes both PFOA absorbed into the plant and also
the PFOA adsorbed to the roots. The roots were not rinsed before being sampled.
Calculation of the transfer factors (TF) is done in much the same way. The slight
modification can be seen below where the concentration of the leaves or stems is equal to
the transfer factor of the leaves and stems, respectively multiplied by the concentration of
contaminant in the roots.

𝑇𝑇𝐹𝐹shoots =

𝐶𝐶leaves or stems
𝐶𝐶roots

(4.18)

In order to graph the measured uncertainty in activity, BCF, or TF, all replicates from one
treatment and on the same day were averaged. Then the measurement uncertainty for the
activities was propagated to verify within natural variability (see Appendix D).

4.3 Quantification on PFOA Sorption onto Glass
Research has shown that PFOA has capacity to adsorb to various materials
including glass and polypropylene (Lath et al., 2019) which can affect the bioavailable
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PFOA in the spiked nutrient solution because the concentration in solution is lower.
Research is contradictory about the best material to use for use with PFOA. The findings
of Lath et al. (2019) were that losses of PFOA to glass was between 14-24% and that the
losses into plastic were higher. This was inconsistent with another set of findings that
referenced in house unpublished work from Higgins and Luthy (2006) that the recoveries
of PFOA were higher for plastic tubes than they were for glass vials. In a 2009 release by
the EPA, there were explicit directions to never use anything glass (containers or
pipettes) when collecting any PFAAs due to potential adsorption to the glass, but there
were no justifications or references given about why this is the case.
Both plastic and glass materials were used in this research. Stock solutions were
kept in plastic tubes and the hydroponically grown plants were kept in glass Erlenmeyer
flasks (for stability) with glass aeration tips. Due to this, it was of interest to determine
experimentally how much PFOA adsorbed to the glass in order to conduct a true mass
balance to account for all the PFOA put into the system. Since the PFOA was kept in a
plastic specimen cup, a new batch of PFOA-nutrient solution stock was made to
minimize possible sorption to the walls for the final trial in this work.
Measuring the sorbed 14C -PFOA would allow for a more accurate mass balance
to be conducted. There are a few inherent assumptions being made about the system.
Different plant parts (i.e., roots, leaves, and stems) may bioconcentrate PFOA differently,
thus they were measured separately. Although leaves and stems were measured
separately (in trial 5), the assumption in the mass balance was that concentrations within
the leaves and within the stems were homogeneous, and potentially a source of error. For
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the leaves in particular, the cotyledons (n=1 leaves) have a different size, color, and
texture than the rest of the leaves, but they were measured assuming there is the same
bioconcentration factor. Performing a mass balance helps identify if there are losses of
contaminant in the study. If there are losses, future work will need to be conducted to find
them.

4.3.1 Desorbing the PFOA
To desorb any PFOA that had adhered to the walls of the flask during the weeklong trial, ethanol was used as a solvent. Ethanol (200 proof) was chosen because the 14CPFOA from American Radiolabeled Chemicals, Inc. was suspended in ethanol in a glass
vial. To measure the sorbed PFOA, each flask was rinsed with approximately 20 mL of
ethanol. Eight of the sixteen flasks from the final trial were rinsed. There were four flasks
from the low treatment and four flasks from the high treatment, where two flasks in each
of the quadruplicates were sampled on day 4 and the other two were sampled on day 7.
Because the aeration tip was inserted into the water, the aeration tips were saved
as well to be included in the rinse as they are made of glass and the PFOA could have
sorbed there as well. From that ethanolic solution, a 1 mL aliquot was put into a LSC vial
with 10 mL of Hionic Fluor. The vials were measured using the same liquid scintillation
counter as before for 1 hour. No 14C sorption was measured in the control flasks, because
if there had been cross contamination, it would have been detected using the LSC in the
leaves, roots, stems, or nutrient solution.
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4.3.2 Measurement and Quantification
The efficiency of the 14C using ethanol was determined by putting a known
amount of 14C-PFOA-nutrient solution into a LSC vial with 1 mL of ethanol and 10 mL
of liquid scintillation cocktail. This is quantified using Equations 4.19 and 4.20.
Equations 4.21 and 4.22 were then used to determine the activity and associated
uncertainty in the other vials from the ethanol rinse. Like with the bleach and plant
samples, the uncertainty in the count rate was determined using the following equation
𝜎𝜎CRethanol =

�countsethanol
timeethanol

.

𝜖𝜖ethanol =

𝐶𝐶𝑅𝑅ethanol total −𝐶𝐶𝑅𝑅background
𝐴𝐴calculated

𝜎𝜎CRethanol 2

2
𝜎𝜎ϵethanol = �𝜖𝜖ethanol
∙ ��

𝐴𝐴ethanol =

𝐶𝐶𝑅𝑅ethanol

(4.19)

𝜎𝜎Acalculated 2

(4.20)

� + �

𝐶𝐶𝑅𝑅ethanol total −𝐶𝐶𝑅𝑅background
𝜖𝜖ethanol

𝜎𝜎CRethanol 2

2
𝜎𝜎Aethanol = �𝐶𝐶𝑅𝑅ethanol
∙ ��

𝐶𝐶𝐶𝐶ethanol

=

𝐶𝐶𝑅𝑅ethanol

𝐴𝐴calculated

𝐴𝐴calculated

=

� �

𝐶𝐶𝑅𝑅ethanol

(4.21)

𝜖𝜖ethanol

𝜎𝜎ϵethanol 2

� + �

𝜖𝜖ethanol

� �

(4.22)

where
- 𝜖𝜖ethanol is 14C detection efficiency in ethanol
- 𝜎𝜎ϵethanol is the uncertainty in the detection efficiency in the ethanol
- CRethanol is the count rate in the ethanol standard subtracting the background
- 𝐴𝐴ethanol is the activity detected in the vial
- 𝜎𝜎Aethanol is the uncertainty in the activity detected
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Ultimately, the sorption rinse did not account for the entirety of the missing contaminant
in the activity. The remaining methods employed to find the activity is described in
further detail in Appendix E.

4.4 Statistical Analysis
All data was visually and/or statistically analyzed using John's Macintosh Project
(JMP Pro 16 (SAS Institute, Inc., Cary, NC)). The primary statistical test used was
analysis of variance (ANOVA) which was employed to determine the significance of the
effects of relevant factors (e.g., day sampled, treatment group) on the endpoints of
interest (e.g., growth rate, chlorophyll content). The null hypothesis of an ANOVA
statistical test is that there is no difference in the means of an endpoint of interest between
specified groups, i.e., factors or independent variables. The alternative hypothesis is that
the means are not all equal. A one-way ANOVA has one independent variable whereas a
two-way ANOVA has two independent variables and so forth. In all cases significance
was taken to be p < 0.05.
In the agar plate assays, one-way ANOVA statistical tests were conducted to
determine if the independent variable (treatment) had a significant effect on root growth
rate to 3 cm and to 6 cm.
In the hydroponic experiments, for most endpoints two-way ANOVA statistical
tests were run to determine if a particular endpoint was significantly different by
sampling day or treatment level, and to determine if there was significant interaction
between sampling day and treatment level. In such cases that there was only one
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independent variable as described further below, one-way ANOVAs were
conducted. Additionally, Tukey’s pairwise comparison, which compares all sets of
individual group means, was used in cases that additional insight was warranted
associated with the ANOVA results. Tukey’s method is considered to be one of the more
conservative of these types of tests. Note that Tukey’s method requires that sample means
are based on the same number of data values (Ott and Longnecker, 2001).
An important thing to note is that there was a control group for both trials with
radiolabeled PFOA: 0, 5, 10 mg/L for one and 0, 1, 15 mg/L for the other. This meant
that there were more replicates in the control group than the other treatment groups in
cases that both trials were analyzed together. As such, the controls from each trial were
treated as different treatment groups in the statistical analysis considering both trials.
In evaluating potential sorption and partitioning of PFOA, data visualization and
qualitative comparison was the primary method of analysis because this portion of the
work served as a proof-of-principle supporting the activity balance.
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CHAPTER FIVE
RESULTS AND DISCUSSION

5.1 Agar Plates
In order to determine the biological effects associated with growing B. juncea in a
PFOA contaminated growing medium, various agar plate trials were conducted with
PFOA concentrations ranging between 50 ng/L to 1,000,000 ng/L (1 mg/L). The B.
juncea had a germination rate of nearly 100% and multiple trials were conducted in an
effort to determine a suitable, environmentally relevant range of PFOA concentrations for
observing effects in B. juncea. However, during the trials (Table 4.1), no differences were
noted in the rate of growth between the control plates and the contaminated plates. An
example of this can be seen in Table 5.1 which shows data for a control, 0.1 mg/L, 0.5
mg/L, and 1 mg/L, which were the final (and highest) concentrations tested for agar
plates.

Table 5.1. Time to 6 cm and 3 cm for highest agar treatment.
Concentration
Average speed to
Average speed to
%
% to 6 cm
% to 3 cm
(ng/L)
6 cm (cm/day)
3 cm (cm/day)
Unmeasurable
0

36.36

0.99

80

0.54

18.18

100,000

80

0.67

100

0.46

0

500,000

75

0.79

66.67

0.48

25

1,000,000

58.33

0.91

75

0.59

25

The final column in Table 5.1 shows percent unmeasurable. These unmeasurable
plants are plants that were still alive and in the agar but either had no root (i.e. they were
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leaves only) or samples that the root had popped out of the agar while growing and could
not be recorded. While only 62.22% of plants reached the end of the plate (6 cm), 80.39%
of plants reached at least 3 cm. Box plots (Figure 5.1) were created to summarize the
average growth rate (cm/day) of plants in each treatment group (that reaches 3 cm and 6
cm) for the data presented in Table 5.1.
a.

b.

Figures 5.1 a and b. Box plots summarizing growth rate data. In these plots, the circle marker indicates the
mean, and the box shows the range of the 25th to 75th percentiles (i.e., the first to third quartile) of the data.
The middle horizontal line represents the median. The whiskers indicate the minimum and maximum of the
data. The left panel (a) shows growth rates to 3 cm, and the right panel (b) shows growth rates to 6 cm.
Green indicates the control, blue indicates the low treatment (0.1 mg/L), yellow indicates the medium
treatment (0.5 mg/L), and red indicates the high treatment (1 mg/L).

ANOVA statistical tests were conducted to determine if the mean growth rates to
3 and 6 cm were significantly different by treatment level. Treatment level was not a
significant contributor to variation in growth rates to 3 cm (p = 0.4170) but was a
significant contributor to variation in growth rates to 6 cm (p = 0.0295). Despite the
significance in growth rates to 6 cm, the analysis for the growth rate to 3 cm was
determined to be more representative of this data because only 61.5% of the seedlings
that reached 3 cm also reached 6 cm. Normal external conditions can affect the growth of
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the plants as well as lack of sterility. While only one trial was analyzed above, these were
the highest concentrations and thus the ones that would be most likely to demonstrate
effects.
These preliminary findings are consistent with previous research with Arabidopsis
thaliana; Yang, et al. (2015) found that 5 mg/L of PFOA were required to see any effects
in A. thaliana. Concentrations of this magnitude were not tested because the speed in
which the B. juncea grows was found to be faster than A. thaliana, and the likelihood of
observing biological effects within the short trial was unlikely at these low
concentrations. In order to see the effects in older plants (i.e. possibly able to take up
more contaminants), the next experiments conducted were in a hydroponic medium with
more mature samples.
Although meaningful effects were not observed, it is hypothesized that effects may
have been seen if the plants were able to grow for longer periods in the contaminated
medium, but the samples reached the end of the plates quickly. To combat the long trials
that would be necessary, the other route could be to increase the concentration, but the
trial plants were able to be larger in the hydroponic trial instead.

5.2 Hydroponics
Since the B. juncea plants were growing too quickly (with some reaching the end of
the plate within 4 days) to see effects in the agar plates, the experiment was scaled up into
a hydroponic medium. In the hydroponic trials (HT), the plants were larger and had a
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chance to grow longer meaning that seeing effects from and uptake of the contaminant
was more likely.

5.2.1 Trials
Trials 1-3 were used as test runs in order to determine the best methodology for
these trials (see Appendix B for the corresponding data). In these initial three trials the
chlorophyll assay was conducted incorrectly, and leaf number and height were not
recorded for the first two of these hydroponic trials. The concentrations for HT-1 (Table
4.2 were chosen as they were the low and high concentrations tested in the final agar
plate experiment. Based on the results of that trial, biological effects were not seen. The
following trial, 5 mg/L and 10 mg/L were tested as the lower concentration was the level
Yang (2015) found observable effects in A. thaliana and to increase the likelihood that
effects would be seen, this concentration was doubled. Trial 3 was tested at the same
concentration range as trial 2 because it seemed like there were height differences in the
plants during the 7-day growing period. The height and leaf number analyses were added
to the third trial in hopes of quantifying that apparent difference observed. Once the
methodology was solidified, focus shifted to uptake with the use of 14C-PFOA. Trial 4
was conducted at the same 5 and 10 mg/L and the concentrations of HT-5 were chosen to
round out to give a more holistic view of the uptake of PFOA by B. juncea. Hydroponic
trials 1-3 were focused on finding biological effects and trials 4-5 were focused on
determining the uptake of the contaminant but continued to monitor the biological effects
as well.
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5.2.2 Chlorophyll Content
Even though final trials focused on uptake, chlorophyll content was determined in
quadruplicate on days 4 and 7. However, the NanoDrop used for chlorophyll content was
unbeknownst contaminated with salt crystals affecting the absorbance readings during the
day 4 measurements of HT-4, so there is only day 7 data for the chlorophyll assay (Figure
5.2 a). The total chlorophyll content for HT-5, determined for days 4 and 7, can be seen
in Figure 5.2 (b).

a.

b.

Figures 5.2 a and b. Scatter plots of the total chlorophyll content. On the left (5.2 a), the graph is the
chlorophyll measured in the control, at 5 mg/L, and 10 mg/L (green, blue, and dark red, respectively).
There is only day 7 data for this trial as denoted by the crosses due to contaminated instrumentation. On the
right (5.2 b), there is day 4 and day 7 (circles and plus signs, respectively) that show the total chlorophyll
content in the control, 1 mg/L, and 15 mg/L (green, purple, and light red, respectively).

A one-way ANOVA was conducted to determine if mean chlorophyll content was
significantly different by treatment on day 7 considering HT-4 and HT-5 together. There
were no statistically significant differences (p = 0.4578), so we fail to reject the null

63

hypothesis that the means are the same, i.e., there is not sufficient evidence to conclude
that treatment has an effect on chlorophyll content on day 7.
A two-way ANOVA was run for HT-5 to determine if mean chlorophyll content
was significantly different by sampling day or treatment level, and to determine if there
was significant interaction between sampling day and treatment level. Results are shown
in Table 5.2.

Table 5.2. Two-way ANOVA p-values for chlorophyll content (HT5 only).
Source

Chlorophyll

Treatment

0.0542

Day Sampled

0.0520

Interaction

0.5455

Since day sampled, treatment, and the interaction were all not significantly
significant, we fail to reject the null hypothesis that there is no difference in means and
conclude that in our experiments the presence of PFOA did not affect the chlorophyll
content. However, with additional replicates, higher concentrations tested, or longer
exposure times, it is possible that differences may have been observed because the pvalues were almost statistically significant.

5.2.3 Biomass
The biomass was sampled as the roots (parts below the cloning collar) and shoots
(parts above the cloning collar) to determine if PFOA had an effect on growth. The root
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and shoot biomasses for all four treatments from trials 4 and 5 can be seen in Figures 5.3
(a) and (b), respectively. Note that in HT-5, shoots were sampled and measured
separately as leaves and stems, then masses were combined for “shoot” biomass, whereas
in HT-4, leaves and stems were sampled and measured together.
a.

b.

Figures 5.3 a and b. Scatter plots of the root and shoot biomasses. Trials 4 and 5 are both depicted in this
figure with the control, 1 mg/L, 5 mg/L, 10 mg/L, and 15 mg/L shown in green, purple, blue, dark red, and
light red, respectively. Day 4 is denoted with a circle and day 7 is marked with a plus sign. The left figure
(a) is the root biomass, and the right figure (b) is the shoot biomass.

Two-way ANOVAs were performed for shoot and root biomass separately,
considering HT-4 and HT-5 together, similar to as described above. The corresponding pvalues are found in Table 5.3.
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Table 5.3. Two-way ANOVA p-values for biomass. Statistically significant values are
bolded.
Source

Shoot Biomass

Root Biomass

Treatment

0.0800

0.1130

Day Sampled

0.0002

0.0008

Interaction

0.1872

0.2973

In general, the shoot and root biomass generally increased from day 4 to day 7
with the exception of the shoot controls and the 10 mg/L treatment group for the roots
(Figures 5.4 a and b). Indeed, both shoot and root biomass were significantly different by
day sampled (Table 5.3). Since neither the treatment nor interaction were statistically
significant for shoots or roots, there are no statistically discernible PFOA-induced effects
with respect to biomass, although it is possible that potential subtle effects of PFOA at
tested concentrations are dominated by the natural growth rate of B. juncea at the
seedling stage.

5.2.4 Relative Water Content (RWC)
In determining RWC, neither the chlorophyll punches nor plant matter used in
uptake determination were included in the wet weight because these were destructive
assays and the dry mass could not be determined. The remaining mass was dried and the
RWC was calculated (Equation 4.3). Figure 5.4 (a) is the shoot RWC for HT-4 and
Figure 5.4 (b) is the leaf RWC for HT-5. The RWC was calculated for the roots, but there
was only one sample from each trial that had roots with enough mass (i.e., > 200 mg) to
be dried, so no statistics were able to be completed with respect to RWC of the roots. Due
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to the difference in sampling methods for HT-4 and HT-5, the stems from HT-5 had a
similar issue.
a.

b.

Figures 5.4 a and b. Scatter plots of the shoot (HT-4) and leaf (HT-5) RWC. On the left (a) is the shoot
RWC for HT-4 with the treatments of 0 mg/L, 5 mg/L, and 10 mg/L shown in green, blue, and dark red,
respectively. On the right (b), the leaf RWC for HT-5 is shown. The concentrations shown are 0 mg/L, 1
mg/L, and 15 mg/L in green, purple, and light red, respectively. In both figures, day 4 is denoted with a
circle and day 7 is marked with a plus sign. Note that the two figures have a tight grouping and the y-axis
starts at 0.89. Table C.2.1 includes the measurement uncertainty associated with each value.

A narrow range of shoot RWC was observed with the exception of one data point
from 1 mg/L on day 7 (see Table C.2.1). A K Nearest Neighbor analysis was performed
on JMP to determine if this group contained an outlier. This analysis determines outliers
by determining the distance to the nearest neighboring value. The root mean square error
(RMS) for this data point was 6.8921 and the next largest RMS value was 0.3571
meaning that this data point can be excluded as an outlier.
Two-way ANOVAs were conducted separately for HT-4 and HT-5 due to
differences in sampling methodology to examine if shoot and leaf RWC, respectively,
were statistically different by treatment and sampling day as well as to determine if there

67

is an interaction between treatment and sampling day. The resulting p- values can be seen
in Table 5.4.

Table 5.4. Two-way ANOVA p-values for shoot RWC in HT-4 and HT-5. Statistically
significant values are bolded.
Shoot RWC Leaf RWC
Source
(HT-4)
(HT-5)
Treatment

0.0165

0.3417

Day sampled

0.0003

0.1664

Interaction

0.3237

0.5154

Day sampled and treatment were significant in the HT-4 analysis, so the null
hypothesis is rejected, and we conclude that there is sufficient evidence to support that
there is a difference between the shoot RWC means attributable to day sampled and
treatment. These factors were not significant in the HT-5 analysis, and in neither analysis
was there a significant interaction between day sampled and treatment. Tukey’s method
was used to conduct pairwise comparisons to identify which specific means were
significantly different in HT-4 to help provide additional insight to these results. Within
each treatment group, only the highest concentration (10 mg/L) had significant
differences in shoot RWC between sampling days (p = 0.0175). Other pairwise
significant differences did not have much practical meaning with respect to concluding if
PFOA influences shoot RWC – for example, a significant difference between the control
group on day 4 and the 10 mg/L treatment group on day 7 (p = 0.0231) does not have a
useful biological interpretation. These results hint that PFOA may influence RWC, but
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considering the broader results of both trials, we suspect that PFOA has an effect of the
RWC of stems but not leaves, although we do not have a specific result to confirm. An
interesting thing to realize in this data is that a majority of the shoot mass in HT-4 was
stems and there were statistically significant results in treatment and day sampled found
in the two-way ANOVA for the shoots, but not the leaves which suggests that the shoots
may be the dominating factor in that significance.

5.2.5 Height & Leaf Number
Two of the most apparent signs to the visible eye are growth and number of
leaves. A change in mass could be difficult to see and chlorophyll and water content are
inside the plant and unobservable to the naked eye. Since the trial was conducted over a
series of days, it is unsurprising that there was a statistical difference between the day
sampled for each individual trial and the two trials together for the height and leaf
number.
The height was recorded from n=1 to n=max for at least 6 days during each trial
starting on day 0, the day the flasks were spiked. On the same days that the height was
recorded, the leaf number was also calculated. Leaves were not counted until they were
approximately 1 cm long. This was done to ensure that the small leaves were not
mistaken for flower buds. So there may have been baby leaves uncounted on a given day,
but they were normally large enough to be included in the count by the next day's
measurements.
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Since data for these two analyses was collected nearly everyday, it is of interest to
look at the way in which the height and leaf number change per day of the experiment
while being exposed to a set treatment amount. Visually, these are seen in Figures 5.5 (a)
and (b).

a.

b.

Figures 5.5 a and b. Mean and standard deviation plots of height (a) and leaf number (b). The mean is
marked with the filled in circle and one standard deviation is seen on either side of the mean. The
treatments of interest are 0, 1, 5, 10 and 15 mg/L with corresponding colors of green, purple, blue, dark red,
and light red. The plants were sampled on days 0, 1, and 3-7. Day 2 was not measured due to extreme
weather.

A two-way ANOVA was run with respect to height and leaf number individually
(Table 5.5). Data for the height and leaf numbers are found in Tables C.3.1 and C.3.2,
respectively.
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Table 5.5. Two-way ANOVA p-values for height and leaf number in HT-4 and HT-5.
Statistically significant values are bolded.
Source

Height

Leaf Number

Treatment

0.0002

< 0.0001

Day Sampled < 0.0001
Interaction

0.9455

< 0.0001
0.7018

Day sampled and treatment were significant for both height and leaf number, so
the null hypothesis is rejected and we conclude that there is sufficient evidence to support
that there is a difference between both the mean heights and mean number of leaves
attributable to day sampled and treatment. Considering the apparent trend of the mean
height and leaf number by treatment (Figure 5.6 a and b), the effect of PFOA appears to
be potentially stimulatory.
a.

b.

Figures 5.6 a and b. Height (a) and leaf number (b) as mean and standard error. In each figure, the mean is
graphed along with 1 standard error on either side of it; this is a combination of both days 4 and 7. The
control is seen in green, 1 mg/L is seen in purple, 5 mg/L is seen in blue, 10 mg/L is seen in dark red, and
15 mg/L is seen in light red.
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5.2.6 Plant Uptake
Determining the 14C present in each compartment of the plant ensures that all of
the activity (and consequently PFOA) can be accounted for and then provide for
determination of distribution of PFOA in each compartment of interest (e.g., root, leaves,
stem, nutrient solution).

5.2.6.1 Efficiency and Window Optimization
The uptake of 14C-PFOA by various compartments was analyzed through LSC by
quantifying the amount of 14C present in sample aliquots. First, the counting efficiency
for bleach was determined. The total measured count rate was 14458 ± 1.00 cpm and the

background was 24 ± 0.044 cpm. The calculated activity in this sample was found to be

15718.91 ± 93.48 cpm. Note that the uncertainty in this value (and the remaining

values) does not include the uncertainty in the 14C-PFOA stock that was in ethanol.
Dividing the measured activity by the calculated activity yielded the efficiency of
91.80 ± 0.0055% for bleach. Using this efficiency, the optimization was found to be
2.89 ⨯ 10−2 ± 3.35 ⨯ 10−4 % for region 1 (0-160 keV) and 3.01 ⨯ 10−2 ± 3.46 ⨯

10−4 % for region 2 (4-160 keV). The lower level of interest was 4 keV because the

optimization was higher, so only the LSC output for region B was used for the remaining
calculations.
Once the optimal windows were determined, the efficiencies for the remaining
standards could be calculated to determine the quench in each type of vial. The measured
count rate in the nutrient solution aliquots was 15150 ± 15.91 cpm and the calculated
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activity was 16191.69 ± 809.58 decays per minute (dpm) giving an efficiency of

93.63 ± 4.68%. The calculated activity was assumed to have an uncertainty of 5%
because the weights of the DDI and Hoagland Nutrient Solution powder were not

recorded while making the nutrient solution, and other uncertainties calculated in this
work are no more than 5%. These bleach and nutrient solution efficiencies were used for
all uptake trials.
A quench curve was created for the roots, leaves, and stems. This was done in
HT-5 by varying the mass of uncontaminated plant matter going into the vials with a
known amount of 14C-PFOA-nutrient solution. The plants used for the quench curve were
grown separately from those in the experiment. These vials for the quench curve were
digested the same way as the rest of the plant vials such that 1 mL of bleach was added to
each vial and they were placed in a hot water bath for 2 hours. The total efficiency for
each vial was determined using equations 4.17 and 4.18 (see Table 5.6). In HT-4, the
leaves and stems were combined as the “shoot” compartment, but only leaves were
sampled in activity quantification.
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Table 5.6. Plant compartment efficiencies and corresponding masses.
Compartment

Root

Mass (g)

Efficiency

0.0187

0.94 ± 6.1⨯10-3

0.0258
0.0938
0.1877
0.0548

Leaf

0.0936
0.1175
0.2014
0.0443

Stem

0.1048
0.1516
0.1983

1.07 ± 6.9⨯10-3
0.94 ± 6.1⨯10-3
0.97 ± 6.3⨯10-3
0.98 ± 6.4⨯10-3
0.97 ± 6.3⨯10-3
1.01 ± 6.5⨯10-3

0.98 ± 6.3⨯10-3
0.96 ± 6.2⨯10-3
1.00 ± 6.5⨯10-3
1.01 ± 6.6⨯10-3
0.98 ± 6.4⨯10-3

As can be seen in Table 5.6, the quench is reasonably consistent for the root,
leaves, and stems regardless of the mass added into each vial. Average efficiencies were
used to determine the activity in the roots, leaves, and stems, namely, 0.981 ± 0.012,
0.984 ± 0.012, and 0.988 ± 0.013, respectively. The overall uncertainty was found
using Equation 4.6.

Initially, the bleach and nutrient solution standards in HT-5 were intended to
verify the efficiencies calculated in HT-4. However, upon analysis, evaporation of
ethanol from the 14C-PFOA stock led to higher than anticipated counts; HT-5 bleach and
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nutrient solution sample counts were 2000 cpm higher than what was initially calculated,
and it was concluded this difference was a consequence of evaporation.
The 14C-PFOA stock solution is in ethanol with only 100 µL initial volume.
Changing the volume, even slightly, would drastically increase the concentration being
used. The actual concentration used in HT-5 was determined by back calculating from the
HT-4 efficiency. Taking measured activity of the bleach standard for HT-5 and assuming
the same efficiency as HT-4, the concentration of the 14C-PFOA stock used in HT-5 was
determined to be 5148.45 ± 63.62 Bq/µL (see Calculation A.3).
In order to confirm that evaporation of the 14C-PFOA was responsible for the
change in expected activity, the amount of evaporation that would have had to occur was
calculated. It was calculated to be 19.21 ± 0.61 µL (Calculation A.4). While this volume
seems insignificant, when it was originally only 100 µL, this is almost ⅕ of the total
volume. To verify that this evaporation amount was reasonable, a small test was
conducted in the laboratory where the spiking took place. In this experiment, 1 mL of 200
proof ethanol was pipetted into a 1.5 mL centrifuge tube that was left on the benchtop
and weighed periodically. The results can be seen in Figure 5.7.
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Figure 5.7. Evaporation rate of 200 proof ethanol. A line of best fit has been applied.

The line of best fit (using MS Excel) was y = -0.0006x + 0.7828 with a R2 value
of 0.9997. This suggests an evaporation rate of about 0.76 µL/min (assuming a constant
density for ethanol of 0.789 g/mL), and thus about 25 minutes was required for the 19.21
µL to evaporate. The exact time that the 14C-PFOA stock vial was opened was not
recorded, but it was less than 25 minutes. The ethanol did evaporate quickly and even
though this proof of concept was conducted in the same area, it was done weeks after the
original spiking occurred. Humidity and temperature would have greatly affected this rate
of evaporation if the environmental conditions were not the same (Narasu et al., 2020 and
Kita et al., 2018). Another source of this time value that is higher than expected is that the
containers were not the same size or shape, but it was the closest match available. These
volumes are very small, so lack of significant figures due to scale limits could greatly
have altered the perceived time it would have taken to evaporate.
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Nearly 20% of the original volume had evaporated, and the concentration
increased drastically. Since the efficiencies determined in HT-4 were appropriate for the
bleach and nutrient solution (i.e., greater than 90%), it was concluded that the
evaporation must have occurred in the stock container, not in the pipette tip, meaning that
the 3700 Bq/µL concentration was valid for HT-4 and the 5148.45 ± 63.62 Bq/µL
concentration was valid for HT-5. The evaporation that affected HT-5 occurred during
the pipetting of HT-4.
After the efficiencies for the bleach and nutrient solution (HT-4) and the
efficiency of the plant compartments were determined (in HT-5), the activity in the roots,
shoots, and remaining nutrient solution could be calculated. In HT-5 the shoots were
broken into stem and leaves to determine if 14C-PFOA distributed similarly within the
shoot.

5.2.6.2 Uptake
Using Equations 4.12 and 4.16 in combination with the bleach, nutrient solution,
ethanol, and plant efficiencies, the activity in each compartment of the plant and the
activity in the remaining nutrient solution was determined (Equations 4.11 and 4.15) and
then those activities were converted to mass of PFOA using Calculation A.5. The precise
mass of PFOA was unable to be determined for HT-4 because the radiolabeled and stable
PFOA was spiked in by volume rather than by mass. The activity and activity
concentration of HT-5 along with the subsequent discussion can be found in Appendix D.
Control samples were less than twice background and therefore considered non-
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contaminated and not shown in the following discussion. The mass of PFOA in each
compartment is seen in Figure 5.8 and was created using Table C.5.2.

Figure 5.8. Scatter plot of the mass of PFOA in each compartment from HT-5. 1 mg/L is shown in purple
and 15 mg/L is shown in light red. Samples taken on day 4 are denoted with a circle whereas samples taken
on day 7 are denoted with a plus sign. The y-axis is shown on a log scale.

Figure 5.8 is the mass of PFOA in each compartment by treatment and day and
the equivalent figures for activity can be found in Appendix D. To determine if there
were statistically significant differences in these data for the masses, a series of two-way
ANOVAs were run for each individual compartment and the results can be seen in Table
5.7.
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Table 5.7. Two-way ANOVA p-values for mass of PFOA in each compartment.
Statistically significant values are bolded.
Source
Treatment

Roots

Leaves

Stems

Nutrient Solution

< 0.0001 < 0.0001 < 0.0001

< 0.0001

Day Sampled

0.9334

0.0942

0.3498

0.0120

Interaction

0.1783

0.3047

0.3108

0.0295

Tukey’s method was run for each compartment and for the mass of PFOA in the
roots, leaves, stems, and nutrient solution. The masses of PFOA were statistically
different in each individual treatment, regardless of day (p < 0.0201 for all). This is
unsurprising because there was 14 times the mass in the high treatments than was present
in the low treatments. Interestingly, the mass in the nutrient solution at 15 mg/L was
statistically significant based on day sampled (p = 0.0110), but none of the plant
compartments were. This tells us that there was a significant change in the mass of PFOA
in the nutrient solution, but not in the plant compartments which indicates that some mass
was unaccounted for. In the nutrient solution, 1 mg/L has masses recovered that are
similar in both days 4 and 7 whereas the mass recovered on day 7 is visibly less than the
mass recovered on day 4 for 15 mg/L (Figure 5.8).
The masses of each compartment were not the same, so it was of interest to
determine the mass concentration of each compartment; mass concentrations are also
used in the determination of BCF. This was done by dividing the masses of PFOA in
each compartment (Table C.5.2) by the compartment masses (Table C.5.4). The resulting
mass concentrations for the compartments can be seen in Figure 5.9.
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Figure 5.9. Scatter plots of roots, leaves, nutrient solution, and stem mass concentrations. Treatments are 1
mg/L and 15 mg/L with the colors purple and light red representing the treatments, respectively. Day 4 is
represented by a circle and day 7 is represented by a plus sign. Note that the y-axis is on a log scale with
the units being mass of PFOA per mass of compartment.

A series of two-wat ANOVAs (Table 5.8) were conducted to determine if there
were statistically significant differences in this data for day sampled, treatment, or the
interaction term for the individual compartments.

Table 5.8. Two-way ANOVA p-values for mass concentration of PFOA in each
compartment. Statistically significant values are bolded.
Source
Treatment

Roots

Leaves

Stems Nutrient Solution

< 0.0001 < 0.0001 0.0003

< 0.0001

Day Sampled

0.0016

0.6789

0.0113

0.5381

Interaction

0.0008

0.7236

0.0714

0.4529
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Just like with the total mass of PFOA in each compartment, it was not surprising
that the treatment was statistically significant. Tukey’s method was run for each
compartment and for the mass concentration of PFOA in the roots, leaves, stems, and
nutrient solution. For the stems, 1 and 15 mg/L were statistically different (p = 0.0017)
on day 4, but by day 7, the two treatments were no longer statistically different (p =
0.1974), so the difference in the stems on day 4 was driving the significance seen in
Table 5.9 for the stems. However, recall from Table 5.8 that the mass of PFOA in the
stems was not statistically different by day sampled, so this significance must be driven
by the mass of the stems (Figure 5.10 (a)). A similar trend was found with the roots (by
Tukey’s method there was a statistical difference based on day sampled for 15 mg/L (p =
0.0003)). It is hypothesized that the masses of the plant, rather than the presence of PFOA
is leading the significance difference in time.

a.

b.

Figures 5.10 a and b. Scatter plots for the roots, leaves, stems, and nutrient solution biomasses. On the left
is the three plant compartments and the right figure is the nutrient solution mass. Note the difference in
values. Treatments are 1 mg/L and 15 mg/L shown in purple and light red, respectively. In both figures,
day 4 is represented by a circle and day 7 is represented by a plus sign.
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5.2.6.3 Activity Balance
The premise of this activity balance is simple: the activity (and thus PFOA) that is
put into the flask to begin with should ideally be the activity measured between the
nutrient solution and plant matter. Since the amount of 14C-PFOA-nutrient solution that
was added into each flask is known for HT-5, the activity of the flask at the beginning
could be calculated. In Figure 5.11, the mass of total PFOA spiked into the flasks is
plotted against the corresponding activity that was spiked in (see Table C.5.1for the data
used).

Figure 5.11. Scatter plot of total PFOA added into each flask against the activity of radiolabeled PFOA
spiked in. On the x-axis, the total PFOA is the stable and radiolabeled PFOA masses summed. One
standard deviation is seen on either side of the mean for the activity spiked. 1 mg/L is shown in purple and
15 mg/L is shown in light red. There is an outlier with respect to the stable PFOA spiked into the high
treatment (H3).

Figure 5.11 shows that there is variation in the PFOA spiked in (one flask from
the low treatment that has an activity spiked in of 7426.42 ± 82.43 Bq and one flask from
the high treatment had 5.13 ± 0.20 g of stable PFOA spiked in as opposed to the average
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of around 4.63 g). In general, however, an average of about 7340 Bq was spiked into all
flasks and 0.33 g and 4.64 g of stable PFOA was spiked into the low and high treatments,
respectively. The PFOA mass was approximately 14 times the PFOA mass in the low
treatment. The uncertainties for both the 14C-PFOA-nutrient solution and PFOA-nutrient
solution were taken to have associated uncertainties of 4% (which is approximately what
the measured uncertainties have been) because exact masses were not recorded when
creating the half strength Hoagland nutrient solution and the 14C-PFOA was not given an
uncertainty.
Notice that there is no mass of stable PFOA added in flasks L1 and L2 in Table
C.5.1. This is because the method being followed was to spike the flasks and then weigh
the flask after spiking to determine how much contaminant was added. However, the
sensitivity of the balance used for the flask weight was 0.01 g, so the mass was unable to
be determined. After these two samples, the mass of the 14C-PFOA-nutrient solution
stock container and the PFOA-nutrient solution containers were weighed before and after
spiking into each flask to get a more accurate mass. In order to determine the
approximate stable PFOA value that would have been spiked into each of these flasks,
the average of the remaining other 6 low flasks were used as the mass for each.
Since the uptake into the roots, leaves, stems, and nutrient solution for each flask
has previously been calculated, these individual activities could be summed to give the
total recovered activity for each flask. The data that was used here is the activity rather
than the mass (Appendix D), but either the mass or activity could have been used. Using
this data as well as the total activity added, the difference in this activity could be
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calculated. Figure 5.12 (created using Table C.4.5) depicts the activity measured in light
blue, and the activity missing in orange.

Day 4

Day 7

Day 4

Day 7

Figure 5.12. Bar graph of activity added, measured, and recovered in each flask for HT-5 (L is 1 mg/L and
H is 15 mg/L). The activity recovered in the nutrient solution and three plant compartments is shown in
light blue and the activity missing is shown in orange. The activity spiked into each flask is the sum of the
blue and orange bars.

From Figure 5.12, it is clear that there is a significant amount of the PFOA that
was not being accounted for in the activity measured. Some important things to notice
about this figure are that there are three flasks where the activity missing was greater than
the activity measured (Low 1, Low 4, and Low 7). Another thing to notice is that the
minimum amount of activity missing is 622.76 ± 342.84 Bq (H1) and a maximum of
1924.55 ± 279.14 Bq (H5) for the high treatment, but in the low treatment, there is more
missing with the range being from 2661.06 ± 243.01 Bq to 4912.54 ± 145.61 Bq
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(excluding L8 as that was that had more activity spiked into it than the rest of the flasks
as seen in Figure 5.11). A more detailed discussion of accounting for this missing
contaminant can be found in section 5.3.

5.2.6.4 Contaminant Distribution
Due to the EPA recommendation to never use glass when working with PFAS
compounds (EPA, 2008), it was hypothesized that a majority of the remaining activity
was sorbed to the flasks. To determine the impact on the plant based on the bioavailable
contaminant, the ratio of contaminant in each compartment (root, leaves, stem, and
nutrient solution) was divided by the total contaminant measured on each sampling day.
These ratios were able to be calculated for HT-4 and HT-5 because the starting activity
was not needed. The ratios used are located in Tables C.4.7. In Figure 5.13, treatments 5
and 10 mg/L are not shown because the calculated shoot activity was found to not be
adequately precise since the stems and leaves have statistically different activities for HT5, so only the compartment distribution for HT-5 is shown.
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a.

b.

Day 4

Day 4

Day 7

Day 7

Figures 5.13 a and b. Bar graphs of compartment distribution (%) for the measured activity in HT-5. In
these stacked bar graphs, purple represents the percentage of the measured activity that is in the nutrient
solution, and blue, red, and green are the fractions of activity in the roots, leaves, and stems, respectively.
Figure a (above) is the average distribution in each compartment. Note that the y-axis only goes to 4.5%;
anything above that is in the nutrient solution. Figure b is the distribution in the individual flasks and the yaxis only goes up to 11% of the total.
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The nutrient solution is the dominant location for the recovered activity, followed
by the leaves, roots, and stems. Between days 4 and 7 there was an increase in the
fraction of activity in the plant, which is especially noticeable in 1 mg/L. In order to
confirm this, the average activity recovered for days 4 and days 7 were compared (Figure
5.14).

Figure 5.14. Bar graph of average activity measured and spiked into each flask by treatment and day
sampled. The red bar is a representation of the average activity spiked into the flasks and the blue is the
average activity that was recovered from the flasks on a given day. The standard error is denoted on each
bar in the graph.

Based on Figure 5.14, it became apparent that there was an average loss of total
activity recovered between days 4 and 7 in both treatment groups. There is also more
activity missing from the low treatment than there is for the high treatment. To determine
if there was a change in the activity in the four compartments with time, the data from
Table C.4.3 was graphed with activity by treatment, day sampled, and compartment. This
is seen in Figure 5.15 (a) and (b).
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a.

b.

Figures 5.15 a and b. Bar graphs of root, leaf, stem, and nutrient solution activity measured via LSC. The
left (a) graph is the average activity of the roots, leaves, and stems and the figure on the right (b) is the
average activity in the nutrient solution. These are separated because of the large difference in the activity.
The roots, leaves, stems, and nutrient solution are shown in blue, red, green, and purple, respectively. The
standard error is shown on both figures.

Based on these two figures, assumptions could be made about if the activity in
each compartment is changing with respect to time, but these are the average activities.
This is the same data graphed in Figures D.3 and D.4 but presented in a way that the total
activity between each day and treatment can be compared.
It has been shown what activity is in each plant, but the contaminant of interest is
PFOA, not the 14C. Figure 5.16 was created using the data in Table C.5.3. This graph
shows that on average a majority of the PFOA spiked into the high treatment flasks is
accounted for and only around half of the low treatment PFOA is. For the low treatments,
a range of 40.17 ± 3.82% to 73.42 ± 7.45% (i.e., these are the minimum and maximum
values with measurement uncertainty) of the spiked PFOA was recovered in the plant and
nutrient solution. More was recovered in the high treatment: 63.79 ± 6.38% to 91.52 ±
9.29%. Figures 5.14 and 5.16 are the same data just scaled differently. In Figure 5.14, the
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average activity spiked into the two treatments were the same, but the average mass
spiked into the low treatments was about 15 times less than the average mass spiked into
the high treated flasks, and this is apparent based on the scaling of Figure 5.16.

Figure 5.16. Bar graph of average PFOA mass spiked into the flasks and average PFOA mass recovered.
These are shown by treatment and day. Red is the mass of PFOA spiked into each flask and the blue bars
are the amount of PFOA recovered in the nutrient solution and plant compartments. The standard error is
seen on each bar.

5.2.7 Concentration Ratios
Recall that a BCF is the concentration in the plant compartment divided by the
concentration in the nutrient solution and TFs are the concentration in the plant
compartment divided by the concentration in the roots. Thus, BCFs were calculated for
roots, leaves, and stems and TFs were calculated for leaves for trials 4 and 5 and the
stems for trial 5. Note that even though the above ground plant matter was unable to be
used from HT-4 for uptake determination, it is able to be used for the BCFs because only
leaves were put into the vials for HT-4, and the concentration ratios were calculated using
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the aliquots in the LSC vials, not the entire plant. Due to the difference in appearance and
size, the cotyledon leaves were not measured. These leaves are not likely to be consumed,
so the calculated BCF and TF are actually for the edible portions of leaves. This is the
value of interest to someone concerned about the consumption of PFOA.

5.2.7.1 Bioconcentration Factors
The bioconcentration factor for each compartment were calculated (Table C.6.1)
using the root, leaf, stem, and nutrient solution concentrations (Table C.4.1). There is no
stem data for 5 mg/L or 10 mg/L due to the sampling method employed in trial 4. The
BCFs for the three plant compartments are graphed together in Figure 5.17. Note that
while the amount of contaminant changed whether it was displayed in terms of activity or
mass, this is not the case for the bioconcentration factors because mass of PFOA or
activity of the 14C cancel out leaving units of volume of solution per mass of plant
material. The units are listed as mass of solution per mass of plant, but the nutrient
solution is assumed to be the same density as water, so 1 gnutrient solution is equivalent to 1
mL.
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Figure 5.17. Scatter plot of the root, leaf, and stem BCFs for HT-4 and HT-5. Day 4 and day 7 samples are
shown with circles and plus signs, respectively. The treatments are 1, 5, 10, and 15 mg/L and are colored as
follows: purple, blue, dark red, and light red.

Running a three-way ANOVA on the root, leaf, and stem BCFs with respect to
treatment, time, and compartment, it was found that the compartments are statistically
different (p = 0.0010), so all compartments were run through individual two-way
ANOVAs which can be seen in Table 5.9.

Table 5.9. Two-way ANOVA p-values for compartment BCFs. Statistically significant
values are bolded.
Source
Day Sampled

BCFroots �

𝐦𝐦𝐦𝐦

𝐠𝐠 𝐫𝐫𝐫𝐫𝐫𝐫𝐫𝐫𝐫𝐫

0.7054

�

BCFleaves �

𝐦𝐦𝐦𝐦

𝐠𝐠 𝐥𝐥𝐥𝐥𝐥𝐥𝐥𝐥𝐥𝐥𝐥𝐥

0.2802

�

BCFstems �

𝐦𝐦𝐦𝐦

𝐠𝐠 𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬

0.0885

Treatment

0.1823

0.7784

0.0078

Interaction

0.5244

0.2652

0.2306
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�

Root and leaf BCFs were not statistically different by treatment, time, or the
interaction. This is unsurprising based on the overlap in BCF on different sampling days
and the overlap across different treatments. The BCF for the stem was found to be
statistically different for 1 mg/L and 15 mg/L on day 4 (p = 0.0373), but they were no
longer statistically different by day 7 (p = 0.5365). Visually, the BCFs for the stems are
larger on day 4 for 1 mg/L than for 15 mg/L.
To find the uncertainty associated with the BCFs, the error was propagated using
Equation 4.6 (Table C.6.2). The propagated error bars for the BCFs were tighter than
what was seen in the range for the average BCFs. The variables seen in Figure 5.18
suggested treatment or day sampled might be significant, however that was not seen as
JMP calculates significance based on standard deviation. JMP considers the natural
variability in the plants as well which is why the spread is higher and there are not the
significant differences suggested by Figure 5.18.

92

Figure 5.18. Scatter plot of root, leaf, and stem BCFs with propagated counting uncertainties. These
uncertainties were propagated for the uncertainties in the LSC and mass measurements.

5.2.7.2 Transfer Factors
Similar to how the BCFs were calculated, the activity concentrations from Table
C.4.1 were used to calculate the transfer factors by dividing the concentration of
contaminant in the leaves or stems by the concentration of contaminant in the roots. The
transfer factors give a sense of the capacity for a given compartment to take in a
contaminant that is already in the roots. The TFs can be seen in Table C.6.3. The transfer
factors shown in Figure 5.19 are in units of mass of root per mass of shoot.
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Figure 5.19. Scatter plot of the TFs for leaves and stems of HT-4 and HT-5. Day 4 and day 7 samples are
shown with circles and plus signs, respectively. The treatments are 1, 5, 10, and 15 mg/L and are colored as
follows: purple, blue, dark red, and light red.

To determine if the transfer factors were statistically different from one another,
they were run in a three-way ANOVA comparing the compartment, day sampled, and
treatment. In order to run this ANOVA, data from 5 and 10 mg/L needed to be excluded
since there is no stem data for it. Running the remaining data through that ANOVA
yielded a level of significance for the compartment (p < 0.0001) and multiple significant
interaction terms. Since the compartment was statistically different for the leaf and stem
transfer factors, two-ways ANOVAs (Table 5.10) were run.
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Table 5.10. Two-way ANOVA p-values for compartment TFs. Statistically significant
values are bolded.
Source
Day Sampled

TFleaves �

𝐠𝐠 𝐫𝐫𝐫𝐫𝐫𝐫𝐫𝐫𝐫𝐫

𝐠𝐠 𝐥𝐥𝐥𝐥𝐥𝐥𝐥𝐥𝐥𝐥𝐥𝐥

0.0009

�

TFstems �

𝐠𝐠 𝐫𝐫𝐫𝐫𝐫𝐫𝐫𝐫𝐫𝐫

𝐠𝐠 𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬

0.0289

Treatment

0.0060

0.0102

Interaction

0.0175

0.0485

�

Every independent variable was statistically affecting the TF for the leaves and
stems, so Tukey’s method was applied. For the stem TF, on day 4, the treatment was
statistically different (p = 0.0138) but not by day 7 (p = 0.9303). The opposite was true
for the leaves. On day 4 there were no significant differences in TF based on the
treatment, but on day 7 1 mg/L was statistically different from both 5 and 10 mg/L (p =
0.0111 and p = 0.0055). The TF for 5 mg/L was found to be statistically different on the
two sampling days (p = 0.0116). The uncertainty in TF was propagated and is seen in
Figure 5.20.
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Figure 5.20. Scatter plot of root, leaf, and stem TFs with propagated counting uncertainties. These
uncertainties were propagated for the uncertainties in the LSC and mass measurements.

Figure 5.20 is shown as a means of demonstrating the uncertainty associated with
the measurements as opposed to the uncertainty that is seen due to the biological
variations in the data as well (Table C.6.4). This is a good reassurance that the
measurement uncertainty is not the dominating uncertainty in the data, but rather the
variation in the plants is.

5.3 Sorption and Distribution (Activity Balance)
After noticing at multiple different times in the analysis that there is a large
amount of contaminant unaccounted for from the different flasks, a series of subexperiments were conducted in order to locate it. These sub-experiments will be
described briefly, but more detail can be found in Appendix E.
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A sorption rinse was conducted with 200 proof ethanol to account for PFOA
potentially sorbed to the glass. To quantify the activity, a standard needed to be created.
Once the new starting concentration of 14C-PFOA was determined for HT-5 to be
5148.45 ± 63.62 Bq/µL, the efficiency for the ethanol vial could be determined using
Equations 4.19 and 4.20. To quantify the 14C present in the sample, the detection
efficiency in ethanol needed to be quantified. It was found that the efficiency for vials
containing ethanol is 1.05 ± 0.016. While the maximum efficiency possible is 100%, this
value was utilized to account for the slight evaporation that happened in each vial while
the aliquots were being added. After the three rinses on the 8 flasks, approximately 1-3%
of the missing activity was recovered (21.88 ± 0.35 to 40.47 ± 0.64 Bq).
To see if the PFOA was sorbed stronger and needed to have more contact with the
glass to desorb, 300 mL of 200 proof ethanol was put into a flask that was missing a large
amount of activity. The ethanol was sampled after one day and 5 days, but the count rates
were 3 and 4 cpm above background, respectively resulting in activities of 2.85 ± 0.043
and 3.80 ± 0.058 Bq in the 1 mL aliquots. The flask that was soaked was also broken and
then pulverized to determine if the PFOA had migrated through the glass. The count rates
were 1 and 3 cpm respectively, but this activity could not be quantified because a
different liquid scintillation cocktail was used for those counts and there was no standard
for this scenario.
From there, the nutrient solution aliquot was re-homogenized, and the activity
was quantified because the nutrient solution was where a majority of the PFOA remained.
The activity concentration of the second run was a maximum of 5% lower than the
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original run, and the maximum difference was 1.2 ± 1.75 Bq/g: the loss was attributed to
sorption on the tube. After concluding that the missing contaminant was not in the bulk
nutrient solution, the cotyledons (which were not specifically included in prior
measurements) were digested to compare the activity concentrations. Qualitatively, the
activity concentrations of the cotyledons are higher, but the mass is relatively small, so
this is a source of some uncertainty in the activity balance but would not contribute a
large amount.
A swipe of the hood resulted in count rates no more than 3 cpm above
background. An activity was unable to be determined because there was no standard for
the smears (there was a solid in the vial, so a different standard was necessary to
determine the detection efficiency). Eventually, upon discussion with collaborators,
additional literature was located which suggests that PFOA partitions at the air-water
interface (Lyu et al., 2018, Brusseau et al., 2019, Costanza et al., 2019), so the waste
bucked was sampled. Note that fortunately the waste from each experiment was collected
in separate waste buckets. Accounting for estimated sorption (Lath et al., 2019) to the
waste container, a minimum of just over 80% (93162.99 ± 1215.79 Bq) of the total
activity put into the system (115839.52 ± 1517.75 Bq) was recovered and a maximum of
all of it (116453.74 ± 1591.75 Bq). It was concluded that the missing activity was
partitioned at the air-water interface, otherwise it would have been sampled with the
homogenous bulk solution.
With the concentration in the bulk nutrient solution being lower than what must
actually be in the solution, the calculated BCFs in this work are conservative as only a
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small part of the roots would be exposed to the higher concentrations. Based on an
environmental or human health impact, the BCF is no larger than that calculated, so no
more PFOA is transferred into B. juncea than what was calculated in this research. If
there is a partitioning of the PFOA at the surface, then there is a small part of the root that
is exposed to a higher concentration of PFOA in the nutrient solution than the rest of the
root. Consequently, the BCF will be lower than calculated in this work if the solution
were homogenized (Table C.6.5). This is a finding that other researchers have not
investigated as the researchers sampled the entirety of the nutrient solution (e.g., Felizeter
et al., 2014) or changed the water periodically throughout the experiment to keep the
contaminant levels consistent (e.g., Zhao et al., 2016).
Figure 5.21 has the BCF that were calculated in this work in addition to the
bioconcentration factors that would have been calculated if the missing (i.e., mostly
partitioned) nutrient solution were homogenized into the nutrient solution (Table C.6.5).
The contaminant still missing is taken to be in the solution (accounting for the PFOA that
sorbed to the flask), even though it was shown that a small portion of this missing
contaminant is likely in the cotyledons. If the entire solution had been homogenized, the
BCF for all compartments would have been lower, so the measured BCFs in this study
are conservative.
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Figure 5.21. Measured BCFs plotted with theoretical (homogenized) BCFs by compartment. The blue
symbols are the BCFs that were calculated in this work and the red symbols are the BCFs assuming that all
missing activity is located in the nutrient solution. The circles are plants sampled on day 4 and the plus
signs are samples taken on day 7.
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CHAPTER SIX
CONCLUSION AND FUTURE WORK
6.1 Conclusion
PFOA released into the water supply has been of concern for decades, but very
little research has been done to investigate the ecological impacts or toxicological effects
associated with exposure via the food chain. Since PFOA is a persistent compound that
has been introduced into the environment through various sources (EPA, 2021a), it is
important to determine where it goes in biological systems. This research aims to fill
literature gaps associated with PFOA contamination in the environment. It is important to
understand what effect PFOA has on biological materials because this contaminant has
been shown to enter the environment and then the food chain. Future research should
attempt to determine the consequences of uptake in terms of toxicology, especially
because surfactants such as PFOA are contained in commonly used products like
umbrellas, couches, and carpet (EPA, 2021a).
The goal of this research was to investigate the uptake and associated biological
effects in B. juncea after exposure to PFOA in a small-scale hydroponic system. Through
a series of experiments and multiple destructive and non-destructive methods assays, it
was found that for the treatments tested and at the time points of interest, this
contaminant has no negative effects on B. juncea. In fact, there might be a stimulatory
effect on height and leaf number due to the exposure to PFOA. Longer trial times, more
replicates, or a wider range of concentrations will be required to determine the true
impact of PFOA on height and leaf number.
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B. juncea is a representative crop species. There were no harmful biological
effects at concentrations much higher than those seen in the environment. The BCF for
the leaves (3.14 ± 0.18 – 24.43 ± 1.28 gns/gleaves) was larger than for the root or stems
(1.74 ± 0.09 – 23.62 ± 1.24 gns/groot, 0.36 ± 0.02 – 18.45 ± 0.97 gns/gstem ) respectively),
but all compartments had a BCF greater than 1 gsolution/gplant meaning that this crop is a
potential candidate for phytoremediation (Fitz & Wenzel, 2002). However, only a small
fraction of the PFOA the plant is exposed to is taken up (on average less than 4% (Figure
5.13)). Consequently, B. juncea seedlings are likely not a good candidate for
phytoremediation because most of the contaminant was still in the nutrient solution,
however, that is not to say that the crop would not remove larger amounts as they mature.
The leaves are the part of the plant that are consumed, and they have the largest PFOA in
them from the three plant compartments which is of concern for potential human health.
Some activity remained unaccounted for, but through the use of more subexperiments, a majority of it has been located. The results from potential sorption to the
HDPE suggest that PFOA partitions at the air-water interface (in large quantities),
thought should be given to sampling in PFAS contaminated hydroponic experiments to
determine more precise bioconcentration factors. Homogenizing the entire solution would
underestimate the BCF but ignoring the layer of higher concentration at the surface of the
nutrient solution would overestimate the BCF; in this work, the BCF was overestimated
by a maximum of 0.62 ± 1.71 gns/groot, 0.44 ± 1.34 gns/gstem, and 0.58 ± 1.77 gns/gleaves for
the root, stems, and leaves, respectively.
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6.2 Future Work
Future work should incorporate knowledge gained through the current experiment
to more rigorously determine PFOA distribution within a similar system. For example,
aerated flasks with PFOA and no plants could be grown similarly to the plantcontaminant flasks to confirm how much PFOA is partitioning to the air-water interface.
Additionally, a sampling of the top layer could be taken from each flask for
quantification in addition to the homogenized bulk solution. It is hypothesized that the
aeration exacerbated how quickly the PFOA partitioned to the air-water interface, so
some next gen PFAS compounds should be studied as some are hydrophilic and may
partition differently. In addition, it would be useful to determine comparative toxicity.
Along with this, the method used to determine the concentration in the nutrient solution
would need to be analyzed in order to determine the best way to account for a small
section of the root being exposed to a higher concentration of contaminant.
Looking at the contaminant in the waste, it shows that there may be a need to
rinse the cloning collars for additional contamination as the bubbler likely caused
splashing of the solution which could have ended up on the bottom of the collar. It would
also be good to measure the activity concentration in the cotyledon leaves because it was
shown qualitatively in this work that these leaves have higher concentrations than the
edible leaves. All of these additional steps or measurements would make a future activity
balance more accurate.
Additionally, research could be conducted in a system more similar to the
environment (i.e., soil) to determine the uptake of contaminants into B. juncea. This
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species is one of many crops that could be tested for uptake and various stressors should
be tested as well such as fluctuating heat/cold and lack of resources such as oxygen and
nutrients. This information could then be used to determine the impact to animal and
human health from direct and indirect ingestion.
While B. juncea would not be found in a hydroponic system in the environment as
it is a soil grown crop species, in a hydroponic experiment, the sorption of PFOA can also
be studied. An interesting thing to do would be growing plants in both glass and plastic
flasks and see which sorbs PFOA less because literature is conflicting in regards to PFOA
sorbing (Lath et al., 2019). After determining the best container to grow the seedlings in,
other contaminants, such as radionuclides, should be studied because it is unlikely that
PFOA will be found in the environment in singularity.
There were no drastic changes that were seen in the contaminant range that was
tested in this experiment, however with higher concentrations or different assays, an
effect might be seen. Gene response and oxidation response can be analyzed to determine
how the contaminants are affecting the plants on a molecular level. It looked as though
there was a biological effect on day 7 in HT-5, but the statistics did not tease that out.
Consequently an assay could be used where the fraction of damaged leaf could be
assessed.
The final suggestion is a direct reflection of the statistics that were conducted. On
multiple occasions either day sampled or treatment were almost statistically significant.
Consequently, if there were more replicates, the time periods of interest were longer, or
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the range of concentrations tested was wider, more statistically significant differences
may have been seen.
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APPENDIX A
Mathematical Calculations
Appendix A is the mathematical calculations that were conducted in this research.
These include calculating the density of half-strength Hoagland nutrient solution as well
as determining the amount of 14C-PFOA-nutreint solution was necessary to spike into the
flasks in order to be above the minimum detectable level. The final calculation here is the
calculation that was used to determine the concentration used for the 14C-PFOA-ethanol
for HT5.

Calculation A.1: Density of half strength Hoagland nutrient solution
To make half strength Hoagland nutrient solution, 1.63 g of powder is added into
2 L of DDI water.

𝜌𝜌Hoagland =

1.63 g powder + 2000 g DDI
g
= 1.000815
2000 mL
mL

According to this calculation, the density of the nutrient solution should not have been
assumed to be the same as water, however, the balances used in this experiment were not
sensitive enough to confidently use this density as opposed to the density 0.000815 g/mL
less.
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Calculation A.2: Activity Required for Detection
The minimum detectable activity of the LSC is about 10 Bq, so the activity spiked
into each flask needed to be large enough that there would be detectable activity in each
of the plant compartments. To do this, some assumptions had to be made about the
bioconcentration factor of PFOA into B. juncea. First, the activity that was necessary in
the plant part needed to be calculated.

? Bq
10 𝐵𝐵𝐵𝐵
1000 mg
Bq
=
∙
= 50
g plant
200 mg plant
1g
g plant
So in order to detect the activity, there needs to be at least 50 Bq per gram of the
plant compartment. Using Equation 4.17 in conjunction with the 2 mL/g BCF for the
stems of cabbage (Felizeter et al., 2014), the concentration needed in the hydroponics
could be calculated. Note that the stem BCF was chosen because the least activity
transferred to that compartment of the plant.

𝐶𝐶nutrient solution =

50

Bq

g plant
=
mL
2
g plant

25

Bq
mL

Since the desired volume in each flask was 300 mL, 7500 Bq was determined to be the
necessary activity spiked into each flask.
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Calculation A.3: Concentration of the 14C-PFOA-ethanol for HT5
The day 4 samples were run, and it was clear that there was a mathematical error
somewhere. The most logical place was in the 14C-PFOA because it was a large increase
from the expected activity, and this radiolabeled PFOA was suspended in ethanol which
evaporates readily. A back calculation needed to be performed to determine the activity
concentration of the vial originally. This was done using the bleach standard from HT5.
The count rate measured by the LSC was 6029 cpm after correcting for
background. From there Equation 4.9 was rewritten to solve for the calculated activity.

𝐶𝐶𝑅𝑅calculated =

𝐶𝐶𝑅𝑅measured

𝜖𝜖nutrient solution

=

6029 cpm
= 6600.985 cpm = 110.016 Bq
0.91334

A mass of 0.0111 g of the 14C-PFOA-nutrient solution was spiked into this flask resulting
in the activity concentration being calculated to be 9911.388 Bq/mL for the 14C-PFOAnutrient solution. To find the activity that was present in that stock solution, the volume
of the stock (12.1756 g) was multiplied by the activity concentration. The stock solution
contained 120677.101 Bq. From there, the calculation was straightforward to get the
original 14C-PFOA concentration.

𝐶𝐶14𝐶𝐶−𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 =

120677.101 Bq
0.785 g ethanol
1 mL
Bq
⨯
⨯
= 5148.452
0.0185 g C−14−PFOA
1 mL
1000 μL
μL
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Due to evaporation of the ethanol, the 14C-PFOA stock solution was found to be
5148.452 ± 63.62 Bq/µL (using Equation 4.6) rather than the 3700 Bq/µL that it was
originally.

Calculation A.4: How much ethanol would have evaporated
The starting activity was 10 µCi in 100 µL and 31.71 µL was used in HT-4. Thus,
there was 6.828 µCi remaining in 68.28 µL. Using the new concentration found in
Calculation A.3, the volume at the start of HT-5 could be calculated.

Volume (μL) = 68.28 μCi ⨯

10−6 Ci
3.7 ∙ 1010 Bq
1 μL
⨯
⨯
= 49.070 μL
Bq
1 μCi
1 Ci
5148.45
μL

It was calculated that the starting volume was 49.07 µL, however, there should
have been 68.28 µL remaining. 19.21 ± 0.61 µL were missing, so that was how much
evaporated during the spiking of HT-4.

Calculation A.5: Activity to Mass of PFOA Conversion
The 14C was directly measurable, but the contaminant of interest was the PFOA,
so a conversion needed to be used to convert between the two for HT-5. The starting 14CPFOA concentration in ethanol was 3700 Bq/µL and American Radiolabeled Chemicals
reported that there was a total of 0.2 µmol 14C-PFOA in the vial. So, the total mass of
PFOA needed to be determined:
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Mass (g) = 0.2 μmol ⨯ �

10−6 mol
g
� ⨯ 414.07
= 8.28 ⨯ 10−5 g
mol
1 μmol

Note: the molecular weight of 414.07 g/mol was reported for the dry PFOA whereas the radiolabeled
PFOA was reported to have a higher molecular weight due to a sodium ion attached to the PFOA chain.

This mass was in 100 µL of ethanol, so the concentration of the vial to start was
8.28 ⨯ 10−7

g

. However, some of the PFOA was used in the first trial. To determine

µL

how much remains, the mass of PFOA used was calculated.

Mass (g) = 31.5 μL ⨯ �
⨯�

3700 Bq
1 Ci
1 μCi
0.2 μmol
�⨯�
� ⨯ � −6 � ⨯ �
�
10
μL
3.7 ∗ 10 Bq
10 Ci
10 μCi

10−6 mol
414.07 g
�⨯�
� = 2.608 ⨯ 10−5 g
1 μmol
1 mol

Taking the difference meant that there was a total of 5.573 ⨯ 10−5 g PFOA

remaining in the stock container. The volume of ethanol needed to be calculated again as
well. There was originally 100 µL, but 31.5 µL were used in HT-4 and then an additional
19.2 µL evaporated meaning that 43.2 µL remained. The total mass remaining was
divided by the total volume remaining which resulted in a concentration in the stock
container of 1.15 ⨯ 10−6 ± 4.61 ⨯ 10−8

𝑔𝑔 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃

µ𝐿𝐿 𝑒𝑒𝑒𝑒ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
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for HT-5. Then 23.3 µL of this stock

solution was removed and spiked into 12.17 mL of Hoagland nutrient solution. The
concentration of the 14C-PFOA-nutrient solution stock was as follows:

g
�1.15 ⨯ 10−6 � ⨯ (23.3 μL)
g
μL
C of PFOA � � =
mL
12.17 mL
= 2.21 ⨯ 10−6 ± 8.82 ⨯ 10−8

g PFOA
mL

The concentration of 14C also needed to be determined in the 14C-PFOA-nutrient
solution stock. This was done by multiplying the 14C-PFOA-ethanol stock concentration,
5148.452 ± 63.62 Bq/µL, with the volume used, 23.3 µL, for a resulting in a
concentration of 9861.14 ± 109.44 Bq/mL. Once those two concentrations were
determined, it was a matter of using them to convert from activity to mass. This was done
as follows:

g PFOAradiolabeled
2.20 ⨯ 10−6
mL
Massradiolabeled (g) = Activity (Bq) ⨯ �
�
Bq
9861.14
mL
Masstotal (g) = Massradiolabeled ⨯ �
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massstable + massradiolabeled
�
massradiolabeled

APPENDIX B
Hydroponic Trials 1-3
Hydroponic trials 1-3 are not included in the results because they were all
sampled a little differently than the methods describe. These trials were used to determine
the experimental methods for the remainder of the trials.
Trial one was sampled in quadruplicate on days 1, 4, and 7, but the controls were
only sampled on day 7. All plants sampled on day 7 went through the chlorophyll assay
in these trials. However, rather than putting the three punches of leaf from each plant into
one tube with ethanol for the chlorophyll assay, each punch was put into a separate tube
and then the chlorophyll content was summed in trials 1 and 2. Trials 1 and 2 were only
sampled on day 7 and trial 3 was sampled on both days 4 and 7 for chlorophyll, but the
controls were only sampled on day 7.
Note that in trial 2 four replicates were never sampled to see how long the plants
could go before running out of water, and it was around 8-9 days confirming that a 7-day
trial was about the maximum the plants could be grown for. The height and leaf number
were recorded for the first time in HT 3, however there is no data for the first day because
they were measured from the point where the roots and stems meet. After realizing the
stress it would put on the plant to remove them from the collars every time, the sampling
method was changed to measure from n=1 to n=max. Note the uncertainty in every mass
measurement is 0.0001 g as that is the uncertainty of the scale.
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In all cases, “C” represents the control, “L” represents the low treatment of the
trial, “M” represents the medium concentration of the trial, and “H” represents the high of
the trial. The number following one of those letters signifies which replicate it was.
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Table B.1. Hydroponic trial 1 data.
Treatment
Day
Chlorophyll
Root
Sample
(mg/L)
Sampled (µg/mL)
Biomass (g)

RWCroot (%)

Shoot
Biomass (g)

RWCshoot
(%)

C1

0

Died

--

--

--

--

--

C2

0

7

9.68

0.0405

0.3962

C3

0

7

8.33

0.0259

C4

0

7

8.43

0.0518

91.85 ± 2.79

92.81 ± 0.33

L1

0.1

4

--

0.0153

0.2496

L2

0.1

1

--

0.0166

L3

0.1

7

8.89

0.0446

84.97 ± 3.47

L4

0.1

1

--

0.0205

0.2229

L5

0.1

7

9.54

0.1049

L6

0.1

4

--

0.0299

82.93 ± 2.40

L7

0.1

7

7.74

0.0482

0.4047

L8

0.1

4

--

0.0330

L9

0.1

1

--

0.0139

89.21 ± 1.73

L10

0.1

1

--

0.0074

0.1714

L11

0.1

7

9.11

0.0593

L12

0.1

4

--

0.0238

72.97 ± 3.78

H1

1

4

--

0.0197

0.2288

H2

1

4

--

0.0150

H3

1

1

--

0.0143

92.39 ± 6.18

H4

1

7

9.82

0.1040

0.6307

H5

1

7

8.08

0.0206

H6

1

4

--

0.0178

91.44 ± 1.03

H7

1

7

8.86

0.0500

0.4853

H8

1

1

--

0.0130

H9

1

7

8.10

0.0452

91.40 ± 2.13

H10

1

1

--

0.0173

0.1764

H11

1

4

--

0.0115

83.82 ± 3.03

H12

88.80 ± 3.08

0.3830

91.57 ± 6.56

0.2427

91.33 ± 1.01

0.8240

90.61 ± 2.94

0.3960

87.18 ± 1.16

0.6636

92.67 ± 8.45

0.2566

83.98 ± 2.58

0.3449

86.92 ± 5.16

0.2257

99.13 ± 99.13

0.2579

91.12 ± 1.99

0.4534

88.34 ± 1.71

0.4516

92.98 ± 4.44

0.2173

88.49 ± 5.57

0.1545

91.60 ± 4.60

0.2410

84.62 ± 3.89

0.1937

98.88 ± 49.44

0.2436

91.37 ± 2.35

0.3946

71.88 ± 2.77
1
1
-0.0096
0.1693
Notes: The masses for samples H6 and H11 were so close to the uncertainty value of
0.0001 g that there was a large uncertainty associated with them.
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92.85 ± 0.34
92.43 ± 0.27
93.19 ± 0.55
94.48 ± 0.71
92.71 ± 0.28

93.00 ± 0.60
92.21 ±0.14

92.13 ± 0.54
91.94 ± 0.28
93.16 ± 0.34
92.75 ± 0.83
93.58 ± 0.85
92.31 ± 0.18
93.55 ±0.48

94.67 ± 0.78
94.74 ± 0.70
94.53 ± 0.89
92.48 ± 0.20
92.29 ± 0.35
94.21 ± 0.67
92.60 ± 0.26
93.62 ± 0.65
92.55 ± 0.32
93.14 ± 0.77
94.11 ± 0.62
93.50 ± 0.85

Table B.2. Hydroponic trial 2 data.
Treatment
Day
Chlorophyll
Root
Sample
(mg/L)
Sampled
(µg/mL) Biomass (g)
C1

0

7

7.29

0.0067

C2

0

7

10.11

0.0132

C3

0

7

7.66

0.0063

C4

0

7

8.22

0.0554

L1

5

7

10.06

0.0105

L2

5

1

--

0.0041

L3

5

3

--

0.0234

L4

5

3

--

0.0396

L5

5

1

--

0.0053

L6

5

3

--

0.0285

L7

5

7

8.98

0.0115

L8

5

7

8.78

0.0124

L9

5

1

--

0.0047

L10

5

3

--

0.0128

L11

5

1

--

0.0039

L12

5

7

9.47

0.0129

H1

10

1

--

0.0078

H2

10

3

--

0.0186

H3

10

7

6.22

0.0053

H4

10

3

--

0.0098

H5

10

1

--

0.0041

H6

10

7

7.28

0.0079

H7

10

7

7.52

0.0097

H8

10

7

7.27

0.0207

H9

10

3

--

0.0109

H10

10

1

--

0.0046

H11

10

3

--

0.0075

H12

10

1

--

0.0056
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RWCroot
(%)

Shoot
Biomass (g)

RWCshoot
(%)

31.34 ± 0.83

0.4332

92.15 ± 0.27

83.57 ± 0.93

0.7466

82.91 ± 2.10

0.3882

83.86 ± 1.85

0.3678

48.94 ± 2.29

0.2156

56.59 ± 1.10

0.4049

28.30 ± 0.92

0.254

34.09 ± 0.47

0.6629

38.10 ± 0.69

0.4312

84.60 ± 1.40

0.4767

39.13 ± 0.65

0.5091

71.09 ± 2.00

0.3259

74.36 ± 3.84

0.1384

76.53 ± 3.42

0.2063

59.79 ± 1.65

0.3278

67.39 ± 4.73

0.1035

33.33 ± 0.95

0.4129

58.54 ± 3.73

0.1858

64.15 ± 3.59

0.1622

46.77 ± 0.80

0.5939

41.03 ± 2.07

0.1594

83.87 ± 2.83

0.2245

65.85 ± 4.97

0.1232

66.67 ± 1.02

0.5813

80.00 ± 5.44

0.1896

40.51 ± 1.00

0.3446

77.06 ± 3.16

0.1764

83.93 ± 9.45

0.1438

91.69 ± 0.17
92.30 ± 0.29
91.32 ± 0.14
91.60 ± 0.25
93.70 ± 0.80
92.74 ± 0.33
93.50 ± 0.30
92.85 ± 0.80
92.36 ± 0.33
91.26 ± 0.21
91.35 ± 0.18
93.55 ± 0.67
93.59 ± 0.45
93.54 ± 0.91
91.92 ± 0.28
93.14 ± 0.98
93.50 ± 0.64
91.97 ± 0.45
93.50 ± 0.70
94.07 ± 1.29
92.14 ± 0.34
92.46 ± 0.38
92.38 ± 0.21
92.63 ± 0.71
93.72 ± 1.44
93.35 ± 0.74
93.88 ± 1.07

Table B.3. Hydroponic trial 3 data.
Treatment
Day Chlorophyll
Root
Sample
RWCroot (%)
(mg/L) Sampled (µg/mL) Biomass (g)

Shoot
Biomass (g)

RWCshoot
(%)

C1

0

--

--

--

--

--

--

C2

0

7

6.99

0.0507

0.3101

C3

0

7

--

0.0879

C4

0

7

8.70

0.0793

93.69 ± 2.93

92.74 ± 0.41

C5

0

7

--

0.0248

0.2687

C6

0

7

7.21

0.0919

L1

5

7

7.11

0.0713

91.94 ± 4.61

L2

5

--

--

L3

5

5.86

0.0131

L4

5

--

--

L5

5

4

6.97

0.019

L6

5

7

7.96

0.0729

L7

5

4

6.36

0.0155

L8

5

7

5.50

0.0834

L9

5

7

9.58

0.1552

L10

5

4

7.72

0.0291

L11

5

--

--

--

L12

5

--

--

--

H1

10

--

--

H2

10

4

H3

10

H4

4

93.74 ± 1.71

0.6122

93.69 ± 1.62

0.5269

--

--

82.44 ± 3.64

0.2287

91.77 ± 1.53

0.6504

91.95 ± 0.74

0.9295

92.31 ± 1.52

0.5626

91.02 ± 1.43

0.5279

--

--

84.21 ± 2.84

0.301

77.42 ± 2.27

0.2204

82.82 ± 1.68

0.3098

92.40 ± 0.20
92.64 ± 0.22
93.08 ± 0.50
91.63 ± 0.21
93.03 ± 0.25
--

92.57 ± 0.55
--

92.13 ± 0.39
92.39 ± 0.19
91.74 ± 0.51

91.85 ± 1.36

0.5942

--

--

--

--

--

--

--

--

6.06

0.0241

0.2678

7

5.90

0.0484

10

--

--

--

88.38 ± 3.18
--

--

92.61 ± 0.47

H5

10

4

8.05

0.0464

0.5093

H6

10

7

8.50

0.0292

H7

10

4

5.96

0.0425

88.15 ± 1.61

H8

10

--

--

--

--

--

H9

10

7

7.38

0.1006

0.9039

H10

10

7

6.22

0.0945

H11

10

4

6.68

0.0238

92.74 ± 1.27

H12

10

--

--

--

--

--
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92.56 ± 2.58

0.3624

91.44 ± 3.67

0.287

88.94 ± 1.90

0.3779

92.80 ± 1.37

0.7114

89.92 ± 3.77

0.2915

91.42 ± 0.18
91.24 ± 0.11
90.70 ± 0.32
---

92.83 ± 0.36
--

92.32 ± 0.24
92.61 ± 0.44
91.48 ± 0.29
--

92.42 ± 0.14
92.55 ± 0.18
93.17 ± 0.47
--

Table B.4. Hydroponic trial 3 data – height and leaf number.
Sample Day Measured
Height Treatment (mg/L) Leaf Number
C1

2

--

0

--

C2

2

3

0

5

C3

2

4.5

0

5

C4

2

4.25

0

6

C5

2

3.5

0

5

C6

2

4.75

0

6

L1

2

3.25

5

5

L2

2

4.5

5

6

L3

2

3

5

5

L4

2

4.75

5

6

L5

2

4.75

5

6

L6

2

4

5

5

L7

2

2.5

5

5

L8

2

3.75

5

7

L9

2

4.5

5

7

L10

2

3.5

5

5

L11

2

3.5

5

6

L12

2

3.75

5

5

H1

2

5

10

5

H2

2

4

10

6

H3

2

3

10

6

H4

2

4.5

10

6

H5

2

4.5

10

6

H6

2

2.5

10

5

H7

2

6.5

10

5

H8

2

4.25

10

6

H9

2

5.5

10

6

H10

2

4.25

10

6

H11

2

3.5

10

6

H12

2

5.5

10

5
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C1

4

--

0

--

C2

4

3.5

0

5

C3

4

6.75

0

5

C4

4

5

0

6

C5

4

5

0

6

C6

4

6.5

0

6

L1

4

4.75

5

6

L2

4

5.5

5

7

L3

4

4

5

5

L4

4

6

5

6

L5

4

5.5

5

6

L6

4

6

5

5

L7

4

3.25

5

5

L8

4

4.5

5

6

L9

4

5.25

5

6

L10

4

3.75

5

5

L11

4

5

5

7

L12

4

5.25

5

5

H1

4

6

10

6

H2

4

5

10

6

H3

4

4

10

6

H4

4

6

10

6

H5

4

6.5

10

5

H6

4

3.25

10

5

H7

4

9

10

6

H8

4

5.75

10

7

H9

4

7

10

7

H10

4

6

10

6

H11

4

5.25

10

7

H12

4

6.5

10

6

C1

5

--

0

--

C2

5

4.5

0

6
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C3

5

8.5

0

6

C4

5

5.75

0

6

C5

5

6

0

6

C6

5

5.75

0

7

L1

5

7.5

5

6

L2

5

7

5

7

L3

5

--

5

5

L4

5

7.5

5

7

L5

5

--

5

6

L6

5

8

5

6

L7

5

--

5

6

L8

5

5.75

5

6

L9

5

8

5

7

L10

5

--

5

6

L11

5

5.75

5

7

L12

5

6

5

6

H1

5

7

10

6

H2

5

--

10

6

H3

5

4.75

10

6

H4

5

6.75

10

7

H5

5

--

10

7

H6

5

4.5

10

6

H7

5

--

10

6

H8

5

6.75

10

7

H9

5

8.25

10

7

H10

5

7.25

10

7

H11

5

--

10

7

H12

5

7.5

10

6

C1

7

--

0

--

C2

7

6.25

0

6

C3

7

11

0

6

C4

7

7.25

0

7
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C5

7

7.5

0

6

C6

7

7

0

7

L1

7

8.5

5

6

L2

7

10.25

5

7

L3

7

--

5

--

L4

7

9

5

7

L5

7

--

5

--

L6

7

10.25

5

7

L7

7

--

5

--

L8

7

7.5

5

7

L9

7

11.75

5

7

L10

7

--

5

--

L11

7

7

5

8

L12

7

7.75

5

7

H1

7

8.25

10

7

H2

7

--

10

--

H3

7

5.75

10

6

H4

7

9.25

10

8

H5

7

--

10

--

H6

7

5.5

10

6

H7

7

--

10

--

H8

7

8.5

10

7

H9

7

11.5

10

10

H10

7

10

10

9

H11

7

--

10

--

H12

7

9

10

6
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APPENDIX C
Relevant Data
This appendix houses all data used for calculations and creating graphs. These
tables are for the data from HT-4 and HT-5, not any of the preliminary data (see
Appendix B for those). Similar to before, all masses listed here have a measurement
uncertainty of 0.0001 g associated with them.
Chlorophyll data is found in C.1, biomass and RWC are found in C.2, height and
leaf number are located in C.3, in C.4, the activity and activity concentration data is
found, PFOA mass is found in C.5, concentration ratios are found in C.6, and sorption
data is found in C.7.
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Appendix C.1 – Chlorophyll
Table C.1.1. Total chlorophyll content for HT-4 and HT-5.
Treatment
Total Chl
Sample Experiment
Day Sampled
(ng/L)
(µg/mL)
C4

4

0

7

8.32

C5

4

0

7

7.55

C7

4

0

7

9.35

L2

4

5

7

9.21

L4

4

5

7

8.67

L5

4

5

7

6.96

L7

4

5

7

10.44

H2

4

10

7

8.86

H4

4

10

7

6.25

H5

4

10

7

9.51

H7

4

10

7

9.66

C2

5

0

7

8.83

C4

5

0

7

8.90

C5

5

0

7

5.44

C7

5

0

7

8.48

L2

5

1

7

9.78

L4

5

1

7

9.48

L5

5

1

7

9.57

L7

5

1

7

8.63

H2

5

15

7

9.64

H4

5

15

7

8.45

H5

5

15

7

9.71

H7

5

15

7

10.63

C1

5

0

4

7.76

C3

5

0

4

7.30

C8

5

0

4

7.94

123

L1

5

1

4

9.22

L3

5

1

4

8.89

L6

5

1

4

7.68

L8

5

1

4

8.08

H1

5

15

4

7.99

H3

5

15

4

8.14

H6

5

15

4

9.43

H8

5

15

4

7.48
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Appendix C.2 – Biomass and RWC
Table C.2.1. Root, shoot, leaf, and stem biomass and RWC.
Root
Shoot
Leaf
Stem
Plant Experiment Biomass RWC roots Biomass RWC Shoot Biomass RWC leaves Biomass RWC stem
(g)
(g)
(g)
(g)
C1

5

0.06

--

0.49

0.92 ± 0.011

0.28

0.92 ± 0.011

0.19

--

C2

5

0.11

--

0.50

0.92 ± 0.009

0.33

0.92 ± 0.009

0.15

--

C3

5

0.09

--

0.43

0.93 ± 0.018

0.26

0.93 ± 0.018

0.15

--

C4

5

0.10

--

0.64

0.93 ± 0.009

0.34

0.93 ± 0.009

0.27

--

C5

5

0.06

--

0.15

0.95 ± 0.038

0.14

0.95 ± 0.038

0.00

--

C6

5

--

--

--

--

--

--

--

--

C7

5

0.09

--

0.48

0.93 ± 0.019

0.26

0.93 ± 0.019

0.19

--

C8

5

0.06

--

0.35

0.95 ± 0.030

0.21

0.95 ± 0.030

0.12

--

L1

5

0.05

--

0.30

0.95 ± 0.031

0.19

0.95 ± 0.031

0.09

--

L2

5

0.15

--

0.77

0.90 ± 0.002

0.46

0.90 ± 0.004

0.29

0.89 ± 0.007

L3

5

0.07

--

0.35

0.94 ± 0.028

0.21

0.94 ± 0,028

0.12

--

L4

5

0.14

--

0.63

0.90 ± 0.004

0.35

0.92 ± 0.007

0.26

0.87 ± 0.010

L5

5

0.14

--

0.59

0.75 ± 0.002

0.38

0.75 ± 0.002

0.18

--

L6

5

0.07

--

0.32

0.93 ± 0.028

0.19

0.93 ± 0.028

0.11

--

L7

5

0.20

0.97 ± 0.32

1.12

0.94 ± 0.002

0.81

0.95 ± 0.003

0.30

0.90 ± 0.009

L8

5

0.11

--

0.43

0.93 ± 0.025

0.26

0.93 ± 0.025

0.14

--

H1

5

0.07

--

0.35

0.94 ± 0.025

0.20

0.94 ± 0.025

0.13

--

H2

5

0.10

--

0.47

0.94 ± 0.024

0.26

0.94 ± 0.024

0.19

--

H3

5

0.04

--

0.24

0.95 ± 0.038

0.13

0.95 ± 0.038

0.09

--

H4

5

0.05

--

0.34

0.95 ± 0.034

0.16

0.95 ± 0.034

0.16

--

H5

5

0.10

--

0.46

0.92 ± 0.017

0.22

0.93 ± 0.031

0.22

0.88 ± 0.035

H6

5

0.04

--

0.26

0.94 ± 0.027

0.15

0.94 ± 0.027

0.09

--

H7

5

0.16

--

0.93

0.92 ± 0.002

0.54

0.91 ± 0.003

0.37

0.94 ± 0.009

H8

5

0.06

--

0.40

0.95 ± 0.020

0.23

0.95 ± 0.020

0.15

--

C1

4

0.04

--

0.26

0.94 ± 0.01

--

--

--

--
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C2

4

0.08

--

0.43

0.92 ± 0.00

--

--

--

--

C3

4

0.05

--

0.25

0.92 ± 0.01

--

--

--

--

C4

4

0.04

--

0.25

0.92 ± 0.01

--

--

--

--

C5

4

0.04

--

0.38

0.93 ± 0.01

--

--

--

--

C6

4

0.07

--

0.36

0.92 ± 0.01

--

--

--

--

C7

4

0.11

--

0.43

0.90 ± 0.00

--

--

--

--

C8

4

0.09

--

0.52

0.93 ± 0.00

--

--

--

--

L1

4

0.08

--

0.36

0.92 ± 0.01

--

--

--

--

L2

4

0.09

--

0.63

0.90 ± 0.00

--

--

--

--

L3

4

0.06

--

0.34

0.92 ± 0.01

--

--

--

--

L4

4

0.17

--

0.64

0.91 ± 0.00

--

--

--

--

L5

4

0.05

--

0.24

0.90 ± 0.01

--

--

--

--

L6

4

0.01

--

0.45

0.91 ± 0.00

--

--

--

--

L7

4

0.23

0.86 ± 0.02

0.99

0.90 ± 0.00

--

--

--

--

L8

4

0.08

--

0.39

0.92 ± 0.01

--

--

--

--

H1

4

0.08

--

0.31

0.93 ± 0.01

--

--

--

--

H2

4

0.18

--

0.64

0.90 ± 0.00

--

--

--

--

H3

4

0.06

--

0.28

0.94 ± 0.01

--

--

--

--

H4

4

0.04

--

0.35

0.91 ± 0.00

--

--

--

--

H5

4

0.07

--

0.39

0.91 ± 0.01

--

--

--

--

H6

4

0.05

--

0.27

0.92 ± 0.01

--

--

--

--

H7

4

0.05

--

0.31

0.91 ± 0.01

--

--

--

--

H8

4

0.04

--

0.22

0.93 ± 0.02

--

--

--

--
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Appendix C.3 – Height and Leaf Number
Table C.3.1. Height for HT-4 and HT-5.
Day Sampled
Plant Experiment 0

1

3

4

5

6

7

2.5 2.75 4.25 5

--

--

--

4

4.5 4.75

C1

5

C2

5

C3

5

C4

5

3 3.25 4.25 5 5.75 7 8.25

C5

5

1.25 1.75 3.75 4 4.75 5.75 6.5

C6

5

1.25 1.5

C7

5

C8

5

1.75 2 3.25 3.5

--

--

--

L1

5

1.25 1.5 1.75 2

--

--

--

L2

5

2.25 2.5 3.75 4.25 5 6.25 7.25

L3

5

1.5

L4

5

2.25 2.75 3.5

L5

5

L6

5

L7

5

2 2.25 3.5 4.25 5

L8

5

2.25 2.5 3.5 4.25 --

--

--

H1

5

1.25 1.75 2.75 3.25 --

--

--

H2

5

2.5

H3

5

1.75 2 2.75 3

H4

5

3.5 3.5 4.75 5.5 6.25 7.25 8.25

H5

5

2.25 2

H6

5

2

H7

5

2

H8

5

3 3.75 4.25 5.25 --

C1

4

2.25 3 3.75 4

C2

4

2.25 2.5 2.5 2.75 3.5 3.75 4.5

2 2.25 3.25 3.5

1.75 2 2.75 3.25 --

2

2

--

2.5 3.5

2
2

3

2

4.5

--

3.5
4
3

--

--

--

--

4.5 5.75 7
3

3.5 3.75

--

--

--

5.5 6.5

5 5.75 6.5 7.75
--

3.5 4.25 5
3

--

--

4 4.75 5.5 6.5

2.5 2.5

1.75 1.75 2.5

3

--

--

3.5

--

--

--

6.5 7.75
--

--

2.5 3.5 3.75 4.25 5

6

--
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--

--

--

--

C3

4

C4

1.75 1.75 2.5 3.5

--

--

--

4

1 1.25 1.5 1.75 2

2.5

3

C5

4

3 3.25 4

4

4.5 4.75

C6

4

1.75 2

--

--

C7

4

1.25 1.5 2.25 2.5 3.75 4.25 5.5

C8

4

3

L1

4

1 1.75 1.75 2.5

L2

4

1 1.75 2.5 2.75 3.5 4.25 5.75

L3

4

2

L4

4

1.5 2.5 3.5 3.5 4.5 5.5 6.5

L5

4

1.25 2

L6

4

2.5

L7

4

L8

4

2.25 2.75 4.25 4.75 --

--

--

H1

4

2.5

--

--

H2

4

1.75 2.5

3

H3

4

2.25 2.5

3 3.25 --

H4

4

3.5

4.5

5

H5

4

1.25 1.5 2.5

3

4.5 5.25 6.25

H6

4

2.25 2.5 3.5

4

--

H7

4

2.25 2.75 3.5 3.75 4 4.75 5.25

H8

4

4

3.5 4.5

3.5 4.5

2.5 3.5

5

4

--

--

--

--

--

--

--

--

--

--

2.5 2.75 3.25 3.75 3.75

3 3.75 4

--

--

--

3 3.25 4.75 5.5 7.5 8.5 10
3 3.75 4.5

4

2 2.25 3

--

4 4.75 5.5 6.5

3.5

6

--

128

--

--

6.5

7

---

---

Table C.3.2. Leaf number for HT-4 and HT-5.
Day Sampled
Plant Experiment 0 1 3

4

5

6

7

C1

5

5 5 6

6 -- --

--

C2

5

5 5 6

6

6

7

C3

5

5 6 6

7 -- --

--

C4

5

5 5 6

6

6

6

6

C5

5

5 5 5

5

5

5

6

C6

5

4 4 -- -- -- --

--

C7

5

5 5 6

6

7

7

C8

5

5 5 6

6 -- --

--

L1

5

5 5 5

5 -- --

--

L2

5

5 5 6

6

7

7

L3

5

5 5 6

6 -- --

--

L4

5

5 5 6

6

6

7

7

L5

5

6 6 6

6

6

7

7

L6

5

5 5 6

6 -- --

--

L7

5

5 6 6

6

7

7

L8

5

6 6 7

7 -- --

--

H1

5

5 6 6

6 -- --

--

H2

5

5 5 6

6

6

6

H3

5

5 6 6

6 -- --

--

H4

5

5 5 5

5

6

6

6

H5

5

6 6 6

6

7

7

7

H6

5

6 6 7

7 -- --

--

H7

5

6 6 6

6

7

7

H8

5

6 6 6

6 -- --

--

C1

4

5 5 5

6 -- --

--

C2

4

5 5 6

6

6

6

C3

4

5 5 5

6 -- --

--

6

6

6

7

6

7

6
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C4

4

5 5 5

5

6

6

6

C5

4

6 6 6

6

6

6

7

C6

4

5 5 5

6 -- --

--

C7

4

5 5 5

6

6

7

C8

4

6 6 6

7 -- --

--

L1

4

5 6 6

6 -- --

--

L2

4

5 5 6

6

6

7

L3

4

5 5 6

6 -- --

--

L4

4

5 6 6

6

6

7

7

L5

4

5 5 5

5

5

6

6

L6

4

6 6 7

7 -- --

--

L7

4

6 6 7

7

8

8

L8

4

6 6 6

6 -- --

--

H1

4

5 6 6

6 -- --

--

H2

4

6 6 6

6

7

7

H3

4

5 6 6

6 -- --

--

H4

4

5 6 6

6

6

6

6

H5

4

5 5 6

6

6

6

7

H6

4

5 5 6

6 -- --

--

H7

4

5 5 6

6

6

6

H8

4

5 5 6

6 -- --

--

6

6

7

6

6
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Appendix C.4 – Activity and Activity Concentrations
Table C.4.1. Activity concentrations (HT-4 and HT-5).
Root Activity Leaf Activity Stem Activity
Nutrient Solution
Sample Experiment Concentration Concentration Concentration Activity Concentration
(Bq/groot)
(Bq/gleaf)
(Bq/gstem)
(Bq/mL)
L1

5

108.32 ± 1.85 311.29 ± 4.70 235.12 ± 3.62

12.74 ± 0.64

L2

5

79.00 ± 1.25

75.10 ± 1.17

22.59 ± 0.41

15.93 ± 0.80

L3

5

87.12 ± 1.47

118.38 ± 1.83 151.90 ± 2.36

16.86 ± 0.85

L4

5

133.66 ± 2.06 118.98 ± 1.82

44.37 ± 0.72

12.91 ± 0.65

L5

5

109.53 ± 1.70 234.43 ± 3.53

88.09 ± 1.37

18.15 ± 0.91

L6

5

142.54 ± 2.28 216.36 ± 3.29 137.75 ± 2.15

15.56 ± 0.78

L7

5

332.25 ± 4.98 184.56 ± 2.79 103.40 ± 1.60

14.07 ± 0.71

L8

5

111.84 ± 1.76

77.97 ± 1.21

61.52 ± 1.00

22.98 ± 1.15

H1

5

165.21 ± 2.62 304.37 ± 4.59

25.94 ± 0.49

25.06 ± 1.26

H2

5

95.06 ± 1.53

241.41 ± 3.64

28.65 ± 0.49

27.04 ± 1.36

H3

5

157.69 ± 2.69 285.38 ± 4.37

57.10 ± 0.99

25.69 ± 1.29

H4

5

114.25 ± 1.96 316.13 ± 4.79

34.85 ± 0.60

23.39 ± 1.17

H5

5

54.79 ± 0.94

227.93 ± 3.44

13.61 ± 0.28

28.69 ± 1.44

H6

5

129.18 ± 2.19 183.49 ± 2.85

66.04 ± 1.12

23.83 ± 1.19

H7

5

48.90 ± 0.80

95.96 ± 1.48

10.19 ± 0.23

28.11 ± 1.41

H8

5

173.42 ± 2.76 170.61 ± 2.61

44.80 ± 0.75

25.32 ± 1.27

L1

4

5.68 ± 0.08

22.86 ± 0.34

--

23.19 ± 1.16

L2

4

6.83 ± 0.10

120.16 ± 1.78

--

16.56 ± 0.83

L3

4

5.46 ± 0.08

50.24 ± 0.75

--

20.18 ± 1.01

L4

4

8.01 ± 0.12

102.35 ± 1.52

--

20.45 ± 1.03

L5

4

11.58 ± 0.17

222.11 ± 3.29

--

15.15 ± 0.76

L6

4

7.17 ± 0.11

42.89 ± 0.64

--

19.76 ± 0.99

L7

4

11.79 ± 0.17

156.22 ± 2.32

--

20.03 ± 1.00

L8

4

5.74 ± 0.09

53.77 ± 0.80

--

22.83 ± 1.14

H1

4

4.90 ± 0.07

41.37 ± 0.61

--

23.16 ± 1.16
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H2

4

9.17 ± 0.14

91.90 ± 1.36

--

25.70 ± 1.29

H3

4

6.75 ± 0.10

90.91 ± 1.35

--

23.46 ± 1.18

H4

4

2.60 ± 0.04

45.36 ± 0.67

--

22.04 ± 1.11

H5

4

3.94 ± 0.06

101.19 ± 1.50

--

24.77 ± 1.24

H6

4

3.09 ± 0.05

34.85 ± 0.52

--

24.05 ± 1.21

H7

4

5.59 ± 0.08

131.16 ± 1.95

--

22.47 ± 1.13

H8

4

2.11 ± 0.03

21.50 ± 0.32

--

21.39 ± 1.07

Table C.4.2. Uptake of 14C-PFOA for HT-4.
Sample

Shoot Activity (Bq)

Root Activity (Bq) Nutrient Solution Activity (Bq)

L1

22.86 ± 0.34

5.68 ± 0.08

6614.64 ± 330.81

L2

120.16 ± 1.78

6.83 ± 0.10

3629.23 ± 181.50

L3

50.24 ± 0.75

5.46 ± 0.08

5478.59 ± 273.99

L4

102.35 ± 1.52

8.01 ± 0.12

4650.53 ± 232.58

L5

222.11 ± 3.29

11.58 ± 0.17

4062.39 ± 203.16

L6

42.89 ± 0.64

7.17 ± 0.11

5619.37 ± 281.03

L7

156.22 ± 2.32

11.79 ± 0.17

2843.18 ± 142.19

L8

53.77 ± 0.80

5.74 ± 0.09

6350.72 ± 317.61

H1

41.37 ± 0.61

4.90 ± 0.07

6435.01 ± 321.82

H2

91.90 ± 1.36

9.17 ± 0.14

6005.01 ± 300.32

H3

90.91 ± 1.35

6.75 ± 0.10

6346.43 ± 317.39

H4

45.36 ± 0.67

2.60 ± 0.04

5973.78 ± 298.75

H5

101.19 ± 1.50

3.94 ± 0.06

5579.66 ± 279.04

H6

34.85 ± 0.52

3.09 ± 0.05

6207.94 ± 310.47

H7

131.16 ± 1.95

5.59 ± 0.08

5676.82 ± 283.90

H8

21.50 ± 0.32

2.11 ± 0.03

5961.80 ± 298.16
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Table C.4.3. Uptake of 14C-PFOA for HT-5.
Leaf Activity Root Activity Stem Activity
Sample
(Bq)
(Bq)
(Bq)

Nutrient Solution
Activity (Bq)

L1

64.22 ± 0.97

5.51 ± 0.10

21.07 ± 0.33

2922.92 ± 146.91

L2

36.21 ± 0.56

12.06 ± 0.19

6.56 ± 0.12

3751.68 ± 188.36

L3

28.13 ± 0.43

11.99 ± 0.20

17.65 ± 0.27

4287.70 ± 215.23

L4

44.61 ± 0.68

18.39 ± 0.28

11.35 ± 0.18

2395.15 ± 120.37

L5

95.51 ± 1.44

15.36 ± 0.24

16.21 ± 0.25

4561.37 ± 228.90

L6

45.95 ± 0.70

10.12 ± 0.16

15.21 ± 0.24

3969.72 ± 199.33

L7

152.42 ± 2.31

67.65 ± 1.02

30.53 ± 0.47

2702.27 ± 135.75

L8

22.20 ± 0.35

11.99 ± 0.19

8.80 ± 0.14

6147.83 ± 308.28

H1

65.84 ± 1.00

10.95 ± 0.18

3.45 ± 0.06

6642.56 ± 333.00

H2

67.47 ± 1.02

9.31 ± 0.15

5.40 ± 0.09

6244.28 ± 312.99

H3

41.69 ± 0.64

5.55 ± 0.10

5.18 ± 0.09

6401.61 ± 320.91

H4

56.43 ± 0.86

5.35 ± 0.09

5.68 ± 0.10

5917.55 ± 296.71

H5

54.50 ± 0.82

5.25 ± 0.09

2.94 ± 0.06

5327.26 ± 266.98

H6

30.39 ± 0.47

5.74 ± 0.10

6.04 ± 0.10

6281.27 ± 314.94

H7

54.20 ± 0.84

7.79 ± 0.13

3.75 ± 0.08

6205.54 ± 311.01

H8

42.74 ± 0.66

10.79 ± 0.17

6.81 ± 0.11

6554.20 ± 328.57
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Table C.4.4. Measurement uncertainty for all activities.
Average Activity
Treatment
Day Sampled
Compartment
(Bq)
(mg/L)

Experiment

6015.83 ± 150.90

4

5

Nutrient Solution

4

3796.33 ± 96.35

7

5

Nutrient Solution

4

6237.79 ± 156.04

4

10

Nutrient Solution

4

5808.82 ± 145.33

7

10

Nutrient Solution

4

4332.04 ± 112.55

4

1

Nutrient Solution

5

3352.62 ± 86.89

7

1

Nutrient Solution

5

6469.91 ± 162.22

4

15

Nutrient Solution

5

5923.66 ± 148.75

7

15

Nutrient Solution

5

6.01 ± 0.04

4

5

Roots

4

9.55 ± 0.07

7

5

Roots

4

4.21 ± 0.03

4

10

Roots

4

5.32 ± 0.04

7

10

Roots

4

9.90 ± 0.08

4

1

Roots

5

28.36 ± 0.27

7

1

Roots

5

8.26 ± 0.07

4

15

Roots

5

6.92 ± 0.06

7

15

Roots

5

40.12 ± 0.33

4

1

Leaves

5

82.19 ± 0.71

7

1

Leaves

5

45.16 ± 0.36

4

15

Leaves

5

58.15 ± 0.44

7

15

Leaves

5

15.68 ± 0.13

4

1

Stems

5

16.16 ± 0.14

7

1

Stems

5

5.37 ± 0.05

4

15

Stems

5

4.44 ± 0.04

7

15

Stems

5
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Table C.4.5. Activity recovered, added, and difference in HT-5.
Sample Total Recovered (Bq) Total Added (Bq)

Difference (Bq)

L1

3013.72 ± 146.91

7327.81 ± 81.33

4314.10 ± 167.92

L2

3806.51 ± 188.36

7339.65 ± 81.46

3533.13 ± 205.23

L3

4345.46 ± 215.23

7342.61 ± 81.50

2997.14 ± 230.14

L4

2469.50 ± 120.37

7382.05 ± 81.93

4912.54 ± 145.61

L5

4688.45 ± 228.91

7349.51 ± 81.57

2661.06 ± 243.01

L6

4041.01 ± 199.33

7350.49 ± 81.58

3309.49 ± 215.38

L7

2952.86 ± 135.787

7350.49 ± 81.58

4397.63 ± 158.40

L8

6190.82 ± 308.28

7426.42 ± 81.43

1235.61 ± 319.11

H1

6722.81 ± 333.00

7345.56 ± 81.53

622.76 ± 342.84

H2

6326.46 ± 312.99

7340.63 ± 81.47

1014.17 ± 323.42

H3

6454.04 ± 320.91

7351.48 ± 81.60

897.44 ± 331.13

H4

5985.01 ± 296.71

7362.33 ± 81.72

1377.32 ± 307.76

H5

5389.95 ± 266.99

7341.62 ± 81.49

1951.67 ± 279.14

H6

6323.44 ± 314.94

7352.47 ± 81.61

1029.03 ± 325.34

H7

6271.27 ± 311.02

7355.42 ± 81.64

1084.15 ± 321.55

H8

6614.54 ± 328.57

7314.01 ± 81.18

699.47 ± 338.45
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Table C.4.6. Contaminant distribution for HT-4.
Sample

Shoot (%)

Root (%)

Nutrient Solution (%)

L1

0.34 ± 0.02

0.09 ± 0.00

99.57 ± 7.03

L2

3.20 ± 0.16

0.18 ± 0.01

96.62 ± 6.72

L3

0.91 ± 0.05

0.10 ± 0.01

98.99 ± 6.97

L4

2.15 ± 0.11

0.17 ± 0.01

97.68 ± 6.83

L5

5.17 ± 0.26

0.27 ± 0.01

94.56 ± 6.51

L6

0.76 ± 0.04

0.13 ± 0.01

99.12 ± 6.98

L7

5.19 ± 0.26

0.39 ± 0.02

94.42 ± 6.49

L8

0.84 ± 0.04

0.09 ± 0.00

99.07 ± 6.97

H1

0.64 ± 0.03

0.08 ± 0.00

99.29 ± 7.00

H2

1.51 ± 0.08

0.15 ± 0.01

98.34 ± 6.90

H3

1.41 ± 0.07

0.10 ± 0.01

98.48 ± 6.91

H4

0.75 ± 0.04

0.04 ± 0.00

99.20 ± 6.99

H5

1.78 ± 0.09

0.07 ± 0.00

98.15 ± 6.88

H6

0.56 ± 0.03

0.05 ± 0.00

99.39 ± 7.01

H7

2.26 ± 0.12

0.10 ± 0.00

97.65 ± 6.83

H8
0.36 ± 0.02 0.04 ± 0.00
99.61 ± 7.03
Note: The shoot activity was found to be invalid for HT-4.
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Table C.4.7. Contaminant distribution for HT-5.
Sample

Leaf (%)

Root (%)

Stem (%)

Nutrient Solution (%)

L1

2.13 ± 0.11

0.18 ± 0.01

0.70 ± 0.04

96.99 ± 6.79

L2

0.95 ± 0.05

0.32 ± 0.02

0.17 ± 0.01

98.56 ± 6.95

L3

0.65 ± 0.03

0.28 ± 0.01

0.41 ± 0.02

98.67 ± 6.96

L4

1.81 ± 0.09

0.74 ± 0.04

0.46 ± 0.02

96.99 ± 6.79

L5

2.04 ± 0.10

0.33 ± 0.02

0.35 ± 0.02

97.29 ± 6.81

L6

1.14 ± 0.06

0.25 ± 0.01

0.38 ± 0.02

98.24 ± 6.91

L7

5.16 ± 0.25

2.29 ± 0.11

1.03 ± 0.05

91.51 ± 6.23

L8

0.36 ± 0.02

0.19 ± 0.01

0.14 ± 0.01

99.31 ± 7.02

H1

0.98 ± 0.05

0.16 ± 0.01

0.05 ± 0.00

98.81 ± 6.96

H2

1.07 ± 0.06

0.15 ± 0.01

0.09 ± 0.00

98.70 ± 6.95

H3

0.65 ± 0.03

0.09 ± 0.00

0.08 ± 0.00

99.19 ± 7.00

H4

0.94 ± 0.05

0.09 ± 0.00

0.09 ± 0.00

98.87 ± 6.97

H5

1.01 ± 0.05

0.10 ± 0.01

0.05 ± 0.00

98.84 ± 6.96

H6

0.48 ± 0.03

0.09 ± 0.00

0.10 ± 0.01

99.33 ± 7.02

H7

0.86 ± 0.04

0.12 ± 0.01

0.06 ± 0.00

98.95 ± 6.98

H8

0.65 ± 0.03

0.16 ± 0.01

0.10 ± 0.01

99.09 ± 6.99
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Appendix C.5 – PFOA Mass
Table C.5.1. PFOA and activity in each flask (HT-5).
Sample

Stable PFOA (g)

L1

3.29⨯10-1 ± 5.38⨯10-3

1.64⨯10-6 ± 6.55⨯10-8

L2

3.29⨯10-1 ± 5.38⨯10-3

1.64⨯10-6 ± 6.56⨯10-8

L3

3.28⨯10-1 ± 1.31⨯10-2

1.64⨯10-6 ± 6.57⨯10-8

L4

3.29⨯10-1 ± 1.32⨯10-2

L5

3.33⨯10-1 ± 1.33⨯10-2

L6

3.26⨯10-1 ± 1.31⨯10-2

1.65⨯10-6 ± 6.60⨯10-8

L7

3.32⨯10-1 ± 1.33⨯10-2

L8

3.26⨯10-1 ± 1.31⨯10-2

H1

4.62 ± 0.185

H2

4.62 ± 0.185

H3

5.13 ± 0.205

H4

4.63 ± 0.185

H5

4.64 ± 0.186

H6

4.64 ± 0.186

H7

4.63 ± 0.185

H8

4.65 ± 0.186

14

C-PFOA (g)

1.64⨯10-6 ± 6.57⨯10-8
1.64⨯10-6 ± 6.57⨯10-8
1.64⨯10-6 ± 6.57⨯10-8
1.66⨯10-6 ± 6.64⨯10-8
1.64⨯10-6 ± 6.57⨯10-8
1.64⨯10-6 ± 6.57⨯10-8
1.64⨯10-6 ± 6.58⨯10-8
1.64⨯10-6 ± 6.58⨯10-8
1.64⨯10-6 ± 6.57⨯10-8
1.64⨯10-6 ± 6.58⨯10-8
1.64⨯10-6 ± 6.58⨯10-8
1.63⨯10-6 ± 6.54⨯10-8
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Table C.5.2. HT-5 PFOA mass in each compartment.
Sample

PFOA in Roots (g)

PFOA in Leaves (g)

PFOA in Stems (g)

PFOA in Nutrient
Solution (g)

L1

2.48⨯10-4 ± 1.81⨯10-5

2.88⨯10-3 ± 2.10⨯10-4

9.46⨯10-4 ± 6.89⨯10-5

1.31⨯10-1 ± 1.14⨯10-2

L2

5.41⨯10-4 ± 3.95⨯10-5

1.62⨯10-3 ± 1.18⨯10-4

2.94⨯10-4 ± 2.16⨯10-5

1.68⨯10-1 ± 1.47⨯10-2

L3

5.36⨯10-4 ± 4.39⨯10-5

1.26⨯10-3 ± 1.03⨯10-4

7.90⨯10-4 ± 6.44⨯10-5

1.92⨯10-1 ± 1.81⨯10-2

L4

8.21⨯10-4 ± 6.69⨯10-5

5.07⨯10-4 ± 4.14⨯10-5

1.07⨯10-1 ± 1.01⨯10-2

L5

6.96⨯10-4 ± 5.68⨯10-5
4.49⨯10-4 ± 3.67⨯10-5

L7

3.05⨯10-3 ± 2.48⨯10-4

6.87⨯10-3 ± 5.60⨯10-4

7.35⨯10-4 ± 5.99 ⨯10-5

2.07⨯10-1 ± 1.95⨯10-2

L6

1.99⨯10-3 ± 1.62⨯10-4

L8

5.26⨯10-4 ± 4.29⨯10-5

H1

4.33⨯10-3 ± 3.53⨯10-4

6.75⨯10-4 ± 5.51⨯10-5

1.76⨯10-1 ± 1.67⨯10-2

1.38⨯10-3 ± 1.12⨯10-4

1.22⨯10-1 ± 1.15⨯10-2

9.75⨯10-4 ± 7.95⨯10-5

3.86⨯10-4 ± 3.15⨯10-5

2.70⨯10-1 ± 2.55⨯10-2

6.88⨯10-3 ± 5.61⨯10-4

4.14⨯10-2 ± 3.37⨯10-3

2.17⨯10-3 ± 1.78⨯10-4

4.17 ± 0.394

H2

5.86⨯10-3 ± 4.78⨯10-4

4.25⨯10-2 ± 3.46⨯10-3

3.40⨯10-3 ± 2.78⨯10-4

3.93 ± 0.371

H3

3.87⨯10-3 ± 3.17⨯10-4

2.91⨯10-2 ± 2.37⨯10-3

3.61⨯10-3 ± 2.96⨯10-4

4.47 ± 0.422

H4

3.37⨯10-3 ± 2.76⨯10-4

3.55⨯10-2 ± 2.89⨯10-3

3.58⨯10-3 ± 2.92⨯10-4

3.72 ± 0.352

H5

3.32⨯10-3 ± 2.72⨯10-4

3.45⨯10-2 ± 2.81⨯10-3

1.86⨯10-3 ± 1.53⨯10-4

3.37 ± 0.318

H6
H7
H8

-3

-4

-3

-4

-3

-4

3.62⨯10 ± 2.96⨯10
4.91⨯10 ± 4.01⨯10
6.86⨯10 ± 5.60⨯10

2.04⨯10-3 ± 1.66⨯10-4

-2

-3

-2

-3

-2

-3

1.92⨯10 ± 1.56⨯10
3.41⨯10 ± 2.78⨯10
2.72⨯10 ± 2.21⨯10
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-3

-4

3.97 ± 0.374

-3

-4

3.91 ± 0.369

-3

-4

4.17 ± 0.394

3.81⨯10 ± 3.12⨯10
2.36⨯10 ± 1.96⨯10
4.33⨯10 ± 3.54⨯10

Table C.5.3. PFOA mass in HT-5 spiked and recovered in plants and nutrient solution.
Sample PFOA Mass Spiked (g)

PFOA Mass Recovered (g)

L1

3.29⨯10-1 ± 5.38⨯10-3

1.35⨯10-1 ± 1.14⨯10-2

L2

3.29⨯10-1 ± 5.38⨯10-3

1.71⨯10-1 ± 1.47⨯10-2

L3

3.28⨯10-1 ± 1.31⨯10-2

1.94⨯10-1 ± 1.81⨯10-2

L4

3.29⨯10-1 ± 1.32⨯10-2

1.10⨯10-1 ± 1.01⨯10-2

L5

3.33⨯10-1 ± 1.33⨯10-2

2.13⨯10-1 ± 1.95⨯10-2

L6

3.26⨯10-1 ± 1.31⨯10-2

1.79⨯10-1 ± 1.67⨯10-2

L7

3.31⨯10-1 ± 1.33⨯10-2

1.33⨯10-1 ± 1.15⨯10-2

L8

3.26⨯10-1 ± 1.31⨯10-2

2.72⨯10-1 ± 2.55⨯10-2

H1

4.61 ± 0.185

4.22 ± 0.394

H2

4.62 ± 0.185

3.98 ± 0.371

H3

5.13 ± 0.205

4.50 ± 0.422

H4

4.63 ± 0.185

3.77 ± 0.352

H5

4.64 ± 0.186

3.41 ± 0.318

H6

4.64 ± 0.186

3.99 ± 0.374

H7

4.63 ± 0.185

3.95 ± 0.369

H8

4.65 ± 0.186

4.21 ± 0.394
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Table C.5.4. Mass of each compartment for HT-5.
Sample Root Mass (g) Leaf Mass (g) Stem Mass (g)

Nutrient Solution Mass (g)

L1

0.0509

0.2063

0.0896

229.40

L2

0.1527

0.4822

0.2902

235.51

L3

0.1376

0.2376

0.1162

254.26

L4

0.1376

0.3749

0.2559

185.53

L5

0.1402

0.4074

0.1840

251.36

L6

0.071

0.2124

0.1104

255.12

L7

0.2036

0.8259

0.2952

192.12

L8

0.1072

0.2847

0.143

267.48

H1

0.0663

0.2163

0.1331

265.06

H2

0.0979

0.2795

0.1886

230.96

H3

0.0352

0.1461

0.0907

249.21

H4

0.0468

0.1785

0.1630

253.03

H5

0.0959

0.2391

0.2160

185.69

H6

0.0444

0.1656

0.0915

263.56

H7

0.1593

0.5648

0.3676

220.72

H8

0.0622

0.2505

0.1521

258.84
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Appendix C.6 – Concentration Ratios
Table C.6.1. BCFs for roots, leaves, and stems in HT-4 and HT-5.
𝐦𝐦𝐦𝐦

Sample Experiment BCFroots �𝐠𝐠

𝐫𝐫𝐫𝐫𝐫𝐫𝐫𝐫

�

BCFleaves �

𝐦𝐦𝐦𝐦

𝐠𝐠 𝐥𝐥𝐥𝐥𝐥𝐥𝐥𝐥𝐥𝐥𝐥𝐥

24.43 ± 1.28

�

BCFstem �

𝐦𝐦𝐦𝐦

𝐠𝐠 𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬

L1

5

8.50 ± 0.45

L2

5

4.96 ± 0.26

4.71 ± 0.25

1.42 ± 0.08

L3

5

5.17 ± 0.27

7.02 ± 0.37

9.01 ± 0.47

L4

5

10.35 ± 0.54

9.22 ± 0.48

3.44 ± 0.18

L5

5

6.04 ± 0.32

12.92 ± 0.68

4.85 ± 0.26

L6

5

9.16 ± 0.48

13.90 ± 0.73

8.85 ± 0.47

L7

5

23.62 ± 1.24

13.12 ± 0.69

7.35 ± 0.39

L8

5

4.87 ± 0.26

3.39 ± 0.18

2.68 ± 0.14

H1

5

6.59 ± 0.35

12.15 ± 0.64

1.04 ± 0.06

H2

5

3.52 ± 0.19

8.93 ± 0.47

1.06 ± 0.06

H3

5

6.14 ± 0.33

11.11 ± 0.58

2.22 ± 0.12

H4

5

4.89 ± 0.26

13.52 ± 0.71

1.49 ± 0.08

H5

5

1.91 ± 0.10

7.94 ± 0.42

0.47 ± 0.03

H6

5

5.42 ± 0.29

7.70 ± 0.40

2.77 ± 0.15

H7

5

1.74 ± 0.09

3.41 ± 0.18

0.36 ± 0.02

H8

5

6.85 ± 0.36

6.74 ± 0.35

1.77 ± 0.09

L1

4

3.11 ± 0.16

2.75 ± 0.14

L2

4

4.43 ± 0.23

11.59 ± 0.61

L3

4

4.54 ± 0.24

7.26 ± 0.38

L4

4

2.26 ± 0.12

7.85 ± 0.41

L5

4

15.44 ± 0.81

61.26 ± 3.21

L6

4

31.39 ± 1.68

4.83 ± 0.25

L7

4

2.52 ± 0.13

7.86 ± 0.41

L8

4

3.16 ± 0.17

6.12 ± 0.32

H1

4

2.69 ± 0.14

5.77 ± 0.30

H2

4

1.99 ± 0.10

5.62 ± 0.29
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18.45 ± 0.97

�

H3

4

4.66 ± 0.25

13.79 ± 0.72

H4

4

2.62 ± 0.14

5.93 ± 0.31

H5

4

2.19 ± 0.12

10.38 ± 0.54

H6

4

2.34 ± 0.13

5.29 ± 0.28

H7

4

4.73 ± 0.25

18.84 ± 0.99

H8

4

2.25 ± 0.12

4.56 ± 0.24

Table C.6.2. Measurement uncertainty for BCFs.
Average BCF �

𝐦𝐦𝐦𝐦

Day Sampled

Treatment (mg/L)

Compartment

Experiment

4

1

Root

5

6.25 ± 0.17

4

15

Root

5

12.19 ± 0.38

4

1

Leaves

5

9.99 ± 0.28

4

15

Leaves

5

11.24 ± 0.35

7

1

Root

5

3.01 ± 0.09

7

15

Root

5

9.42 ± 0.25

7

1

Leaves

5

8.45 ± 0.24

7

15

Leaves

5

10.55 ± 0.43

4

5

Root

4

2.99 ± 0.08

4

10

Root

4

5.24 ± 0.14

4

5

Leaves

4

7.35 ± 0.22

4

10

Leaves

4

6.16 ± 0.22

7

5

Root

4

2.88 ± 0.08

7

10

Root

4

22.14 ± 0.83

7

5

Leaves

4

10.20 ± 0.30

7

10

Leaves

4

9.75 ± 0.30

4

1

Stems

5

4.27 ± 0.13

7

1

Stems

5

1.95 ± 0.05

4

15

Stems

5

0.85 ± 0.03

7

15

Stems

5

𝐠𝐠 𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩

6.92 ± 0.19

�
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Table C.6.3. TFs for leaves and stems from HT-4 and HT-5.
𝐠𝐠 𝐫𝐫𝐫𝐫𝐫𝐫𝐫𝐫

Sample Experiment TFleaves �𝐠𝐠

𝐥𝐥𝐥𝐥𝐥𝐥𝐥𝐥𝐥𝐥𝐥𝐥

� TFstem �

𝐠𝐠 𝐫𝐫𝐫𝐫𝐫𝐫𝐫𝐫

𝐠𝐠 𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬

L1

5

2.87 ± 0.07

2.17 ± 0.05

L2

5

0.95 ± 0.02

0.29 ± 0.01

L3

5

1.36 ± 0.03

1.74 ± 0.04

L4

5

0.89 ± 0.02

0.33 ± 0.01

L5

5

2.14 ± 0.05

0.80 ± 0.02

L6

5

1.52 ± 0.03

0.97 ± 0.02

L7

5

0.56 ± 0.01

0.31 ± 0.01

L8

5

0.70 ± 0.02

0.55 ± 0.01

H1

5

1.84 ± 0.04

0.16 ± 0.00

H2

5

2.54 ± 0.06

0.30 ± 0.01

H3

5

1.81 ± 0.04

0.36 ± 0.01

H4

5

2.77 ± 0.06

0.30 ± 0.01

H5

5

4.16 ± 0.10

0.25 ± 0.01

H6

5

1.42 ± 0.03

0.51 ± 0.01

H7

5

1.96 ± 0.04

0.21 ± 0.01

H8

5

0.98 ± 0.02

0.26 ± 0.01

L1

4

0.88 ± 0.02

--

L2

4

2.62 ± 0.06

--

L3

4

1.60 ± 0.04

--

L4

4

3.47 ± 0.08

--

L5

4

3.97 ± 0.09

--

L6

4

0.15 ± 0.00

--

L7

4

3.11 ± 0.07

--

L8

4

1.94 ± 0.04

--

H1

4

2.14 ± 0.05

--

H2

4

2.83 ± 0.06

--

H3

4

2.96 ± 0.07

--

H4

4

2.26 ± 0.06

--
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�

H5

4

4.74 ± 0.11

--

H6

4

2.26 ± 0.05

--

H7

4

3.98 ± 0.09

--

H8

4

2.03 ± 0.05

--

Table C.6.4. Measurement uncertainty for TFs.
Average TF �

𝐠𝐠 𝐫𝐫𝐫𝐫𝐫𝐫𝐫𝐫

𝐠𝐠 𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬

1.61 ± 2.04⨯10-2

�

Day Sampled Treatment (mg/L) Compartment Experiment
4

1

Leaves

5

1.13 ± 1.39⨯10-2

7

1

Leaves

5

1.51 ± 1.76⨯10-2

4

15

Leaves

5

2.86 ± 3.38⨯10-2

7

15

Leaves

5

1.36 ± 1.72⨯10-2

4

1

Stem

5

0.43 ± 5.37⨯10-3

7

1

Stem

5

0.32 ± 4.19⨯10-3

4

15

Stem

5

0.27 ± 3.38⨯10-3

7

15

Stem

5

1.14 ± 1.52⨯10-2

4

5

Leaves

4

3.29 ± 3.67⨯10-2

7

5

Leaves

4

2.35 ± 2.81⨯10-2

4

10

Leaves

4

3.45 ± 4.15⨯10-2

7

10

Leaves

4
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Table C.6.5. BCFs for HT-5 calculated two ways. First is the original way seen in the
paper and the second is if the missing activity was homogenized in solution.
Originally Calculated

Homogenized Nutrient Solution

L1

BCFroots
𝐦𝐦𝐦𝐦
�
�
𝐠𝐠 𝐫𝐫𝐫𝐫𝐫𝐫𝐫𝐫

8.50 ± 0.45

BCFstems
𝐦𝐦𝐦𝐦
�
�
𝐠𝐠 𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬

18.45 ± 0.97

BCFleaves
𝐦𝐦𝐦𝐦
�
�
𝐠𝐠 𝐥𝐥𝐥𝐥𝐥𝐥𝐥𝐥𝐥𝐥𝐥𝐥

24.43 ± 1.28

3.45 ± 9.21⨯10-2

L2

4.96 ± 0.26

1.42 ± 0.08

4.71 ± 0.25

2.57 ± 7.81⨯10-2

0.73 ± 2.32⨯10-2

2.44 ± 7.40⨯10-2

L3

5.17 ± 0.27

9.01 ± 0.47

7.02 ± 0.37

3.06 ± 1.04⨯10-1

5.34 ± 1.79⨯10-1

4.15 ± 1.39⨯10-1

L4

10.35 ± 0.54

3.44 ± 0.18

9.22 ± 0.48

3.41 ± 7.72⨯10-2

1.13 ± 2.63⨯10-2

3.04 ± 6.84⨯10-2

L5

6.04 ± 0.32

4.85 ± 0.26

12.92 ± 0.68

3.83 ± 1.36⨯10-1

3.08 ± 1.09⨯10-1

8.20 ± 2.90⨯10-1

L6

9.16 ± 0.48

8.85 ± 0.47

13.90 ± 0.73

5.02 ± 1.60⨯10-1

4.85 ± 1.54⨯10-1

7.62 ± 2.40⨯10-1

L7

23.62 ± 1.24

7.35 ± 0.39

13.12 ± 0.69

9.03 ± 2.20⨯10-1

2.81 ± 6.93⨯10-2

5.02 ± 1.23⨯10-1

L8

4.87 ± 0.26

2.68 ± 0.14

3.39 ± 0.18

4.07 ± 1.82⨯10-1

2.24 ± 1.01⨯10-1

2.84 ± 1.27⨯10-1

H1

6.59 ± 0.35

1.04 ± 0.06

12.15 ± 0.64

6.04 ± 2.94⨯10-1

0.95 ± 4.71⨯10-2

11.14 ± 5.39⨯10-1

H2

3.52 ± 0.19

1.06 ± 0.06

8.93 ± 0.47

3.04 ± 1.41⨯10-1

0.92 ± 4.27⨯10-2

7.72 ± 3.54⨯10-1

H3

6.14 ± 0.33

2.22 ± 0.12

11.11 ± 0.58

5.40 ± 2.56⨯10-1

1.96 ± 9.28⨯10-2

9.78 ± 4.57⨯10-1

H4

4.89 ± 0.26

1.49 ± 0.08

13.52 ± 0.71

3.98 ± 1.76⨯10-1

1.21 ± 5.37⨯10-2

11.01 ± 4.79⨯10-1

H5

1.91 ± 0.10

0.47 ± 0.03

7.94 ± 0.42

1.40 ± 5.71⨯10-2

0.35 ± 1.46⨯10-2

5.84 ± 2.32⨯10-1

H6

5.42 ± 0.29

2.77 ± 0.15

7.70 ± 0.40

4.67 ± 2.17⨯10-1

2.39 ± 1.11⨯10-1

6.64 ± 3.05⨯10-1

H7

1.74 ± 0.09

0.36 ± 0.02

3.41 ± 0.18

1.49 ± 6.81⨯10-2

0.31 ± 1.50⨯10-2

2.92 ± 1.33⨯10-1

H8

6.85 ± 0.36

1.77 ± 0.09

6.74 ± 0.35

6.21 ± 2.99⨯10-1

1.60 ± 7.76⨯10-2

6.11 ± 2.93⨯10-1

Plant
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BCFroots �

𝐦𝐦𝐦𝐦

𝐠𝐠 𝐫𝐫𝐫𝐫𝐫𝐫𝐫𝐫

�

BCFstems �

𝐦𝐦𝐦𝐦

𝐠𝐠 𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬

�

7.49 ± 1.91⨯10-1

BCFleaves �

𝐦𝐦𝐦𝐦

𝐠𝐠 𝐥𝐥𝐥𝐥𝐥𝐥𝐥𝐥𝐥𝐥𝐥𝐥

�

9.92 ± 2.52⨯10-1

Appendix C.7 – Sorption
Table C.7.1. HT-5 activity spiked, missing, and recovered in rinse.
Sample

Spiked (Bq)

Missing (Bq)

Rinse (Bq)

Day Sampled Treatment (mg/L)

L1

7327.81 ± 81.33

4314.10 ± 167.92

40.48 ± 0.64

4

1

L2

7339.65 ± 81.46

3533.13 ± 205.23

39.48 ± 0.61

7

1

L7

7350.49 ± 81.58

4397.63 ± 158.40

34.33 ± 0.55

7

1

L8

7426.42 ± 82.43

1235.60 ± 319.11

32.30 ± 0.52

4

1

H1

7345.56 ± 81.53

622.76 ± 342.84

21.88 ± 0.35

4

15

H2

7340.63 ± 81.47

1014.17 ± 323.42

36.87 ± 0.57

7

15

H7

7355.42 ± 81.64

1084.15 ± 321.55

26.38 ± 0.43

7

15

H8

7314.01 ± 81.18

699.47 ± 338.45

23.34 ± 0.39

4

15

Table C.7.2. HT-5 mass spiked, missing, and recovered in rinse.
Spiked (g)

L1

3.30⨯10-1 ± 5.38⨯10-3

1.94⨯10-1 ± 1.27⨯10-2 1.82⨯10-3 ± 1.33⨯10-4

4

1

L2

3.30⨯10-1 ± 5.38⨯10-3

1.59⨯10-1 ± 1.56⨯10-2 1.77⨯10-3 ± 1.29⨯10-4

7

1

L7

3.32⨯10-1 ± 1.33⨯10-2

1.99⨯10-1 ± 1.76⨯10-2 1.55⨯10-3 ± 1.27⨯10-4

7

1

L8

3.27⨯10-1 ± 1.30⨯10-2

5.44⨯10-2 ± 2.87⨯10-2 1.42⨯10-3 ± 1.16⨯10-4

4

1

H1

4.62 ± 0.18

3.91⨯10-1 ± 4.35⨯10-1 1.37⨯10-2 ± 1.12⨯10-3

4

15

H2

4.62 ± 0.18

6.38⨯10-1 ± 4.14⨯10-1 2.32⨯10-2 ± 1.89⨯10-3

7

15

H7

4.63 ± 0.18

6.83⨯10-1 ± 4.13⨯10-1 1.66⨯10-2 ± 1.36⨯10-3

7

15

4

15

H8

4.65 ± 0.19

Missing (g)

Day Treatment
Sampled (mg/L)

Sample

-1

Sorbed (g)

4.45⨯10 ± 4.35⨯10

-1
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-2

1.48⨯10 ± 1.21⨯10

-3

APPENDIX D
Activity and Activity Concentration Calculation and Analysis
Using Equations 4.12 and 4.16 in combination with the bleach, nutrient solution,
ethanol, and plant efficiencies, the activity in each compartment of the plant and the
activity in the remaining nutrient solution was determined (Equations 4.11 and 4.15). The
results can be seen in Table C.4.1 for HT-4 and HT-5. An activity concentration was
calculated for each root (Bq/groot), leaf (Bq/gleaf), stem (Bq/gstem), and nutrient solution
(Bq/gsolution) aliquot (Figure D.1). This concentration was then multiplied by the
remainder of the compartment (i.e., mass of the roots, leaves, stems, or nutrient solution)
to determine the total activity in each compartment. Recall that the same amount of
activity was spiked into each treatment flask, but the stable PFOA concentration varied
by treatment. Control samples were less than twice background and therefore considered
non-contaminated and not shown in Figure D.1.
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a.

b.

Figure D.1 a and b. Scatter plots of roots and leaves (HT-4 and HT-5) and stems (HT-5) activity
concentrations. On the left (a) is the activity concentration for the leaves and roots in HT-4 and HT-5.
Treatments are 1 mg/L, 5 mg/L, 10 mg/L, and 15 mg/L with the colors purple, blue, dark red, and light red
representing each treatment, respectively. The same colors are used in 5.8 b for 1 and 15 mg/L and this
graph shows the activity concentration in the leaves and stems for HT-5. It is clear, especially from 15
mg/L that the leaves and stems do not have the same activity concentrations. In both figures, day 4 is
represented by a circle and day 7 is represented by a plus sign.

To determine if the sampling method for the “shoots” in HT-4 was precise, a three-way
ANOVA was conducted for the activity concentration in the leaves and stems of HT-5
with respect to treatment, day sampled, and compartment. The compartments activity
concentrations are statistically different (p < 0.0001), so the leaves and stems should have
been separated in HT-4 for a more precise activity concentration. However, this was not a
concern here because only leaf matter was placed in each of these vials for HT-4.
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Figure D.2. Scatter plot of the activity concentration for the nutrient solution. Day 4 is represented with
open circles and day 7 is represented with plus signs. The treatments represented are 1 mg/L (purple), 5
mg/L (blue), 10 mg/L (dark red), and 15 mg/L (light red).

Figure D.2 shows activity concentration in each compartment by day sampled and
treatment. In Figure D.1 (b), both stem compartments have the same general trend where
the day 4 activity concentrations are higher than the day 7 activity concentrations for both
treatments. In the remaining compartments, there does not appear to be an observable
distinction between day 4 and day 7. In general, the activity concentrations in the nutrient
solution appear to increase with increasing treatment (Figure D.2). A two-way ANOVA
was run on all compartments and the resulting p-values can be found in Table D.1. Both
HT-4 and HT-5 leaf data was used in this ANOVA.

150

Table D. 1. Results of two-way ANOVAs (p-values) for activity concentration in each
compartment. Statistically significant values are bolded.
Source
Treatment

Roots Leaves Stems Nutrient Solution
0.4904 0.8371 0.0054

< 0.0001

Day Sampled 0.3427 0.2563 0.0227
Interaction

0.4344

0.4457 0.3128 0.2080

0.1341

There was significance found for the activity concentration of the stems (by both
treatment and day sampled) and nutrient solution (by treatment only), meaning that there
is sufficient evidence to conclude that there are differences in stem and nutrient solution
activity concentrations by factors referenced.
Based on literature, it was hypothesized that the leaves and stem do not take up
the same amount of PFOA (Felizeter et al., 2014). This study found that cabbage and
tomato had a larger concentration in the leaves than in the stems whereas zucchini leaves
and stems had a comparable concentration. From the data above, it was found that the
stems and leaves did not have the same activity concentration. To check that this was still
the case with respect to activity, an additional three-way ANOVA with the independent
variables being day sampled, treatment, and compartment in HT-5 (Table C.4.3) was run.
Figure D.3 is a scatterplot of activity in the leaves and stems by treatment level at days 4
and 7. In this three-way ANOVA, the compartment was again found to be statistically
significant (p < 0.0001). Recall that in HT-4, the shoot activity was calculated using the
mass of the leaves and stems, but the LSC vials were composed only of leaf matter.
Based on the three-way ANOVA, the shoot activity for HT-4 would be more properly
referred to as “leaf” activity (and more appropriately calculated using mass of the leaves
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only, however that was not the case) because B. juncea stems and leaves have statistically
different activities and activity concentrations.

Figure D.3. Scatter plot of the activities of leaves and stems in HT-5. In purple is 1 mg/L and in light red is
15 mg/L. Day 4 is an open circle and the plus signs are day 7 samples.

The activity measured in the roots, leaves, and nutrient solution (HT-4 and HT-5)
can be seen in Figures D.4 (a) and (b) (Table C.4.2 and C.4.3). They are on two different
graphs because the maximum activity in the roots, leaves, and stems was around 200 Bq
whereas the activity for the nutrient solution averaged above 3000 Bq.
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a.

b.

Figure D.4 a and b. Scatter plots summarizing average activities of roots, leaves, and nutrient solution in
trials 4 and 5. In these plots, the circles are compartments that were sampled on day 4 and those sampled on
day 7 are the plus signs. The treatments represented are 1, 5, 10, and 15 mg/L seen in purple, blue, dark red,
and light red, respectively. The left figure (a) is the activity in the roots and leaves of both trials and the
right figure (b) is the activity in the nutrient solution.

Since the leaf and stem activities were statistically different by compartment
based on the three-way ANOVA, each compartment was run through individual two-way
ANOVAs where the activity was analyzed by treatment and day sampled. The resulting
p-values can be found in Table D.2 for the roots, leaves, stems, and nutrient solution. The
two-way ANOVA for the leaves does not include the HT-4 data because the mass of both
the leaves and stems would be included.
Table D. 2. Results of two-way ANOVAs (p-values) for activity in each compartment.
Statistically significant values are bolded.
Source
Treatment

Roots Leaves* Stems* Nutrient Solution
0.0301

0.5310

0.0028

< 0.0001

Day Sampled 0.1210

0.0860

0.9403

0.0003

0.3360

0.8143

0.0680

Interaction

0.1881

*HT-5 Only
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From Figures D.4 (a) and (b), most of the measured activity is located in the
nutrient solution. Figure D.4 (b) shows that in general the activity in the nutrient solution
is decreasing with time and the activity concentration (Figure D.2) is increasing with
higher treatment due to partitioning at the air-water interface (see section 5.3 for further
discussion). Recall that there is the same amount of radiolabeled PFOA in each flask but
differing amounts of stable PFOA in different treatment groups. Assuming that the same
amount of PFOA partitions to the air-water interface, a greater portion of the total PFOA
(and thus activity) would be measured in the bulk solution in progressively higher
concentration treatments. Figure D.4 (a) shows that activity in leaves and roots is
generally higher on day 7 than day 4. Interestingly, the amount of activity leaving the
nutrient solution does not appear to be the same amount of activity that is taken into the
three plant compartments. The reason for this is discussed further in section 5.3 For all
plant compartments, the leaves have the highest activity of PFOA.
Measurement and counting error uncertainties were calculated for the activities in
the roots, leaves, stems, and nutrient solution (Figures D.5 and D.6) with data found in
Table C.4.4). The graphs have error bars much tighter than in Figures D.3 and D.4. This
is because JMP determines statistically significant differences using the standard
deviation, and the propagated uncertainties were specifically for the measurements. A
standard deviation will look at the differences between samples as well which is very
important due to natural variability in plants. This demonstrated the importance of
running multiple replicates.
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Figure D.5. Scatter plot of root, leaf, and stem activity with propagated counting uncertainties. These
uncertainties were propagated for the uncertainties in the LSC measurements.

Figure D.6. Scatter plot of nutrient solution with propagated uncertainties. These uncertainties were
propagated for the uncertainties in the measurement.
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APPENDIX E
Further Details of Balancing Activity
One of the most obvious places to look for the activity was in the dry flasks
because it is not uncommon for materials to sorb the container they are stored in. Due to
this a sorption analysis was conducted. It took three rinses to get only 5 counts per minute
above the background count rate for the 8 flasks (less than 3 Bq – see Table E.1). Due to
the probabilistic nature of radiation, this is indistinguishable from background as
radiation is determined to be present above background if it is twice background. The
activity and uncertainty for each vial were quantified using Equations 4.21 and 4.22.
Using Table C.7.1, the missing activity was plotted against the activity recovered in
sorption. Based on Figure E.2, it is very clear that a majority of the missing PFOA is not
simply sorbed to the glass.
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Figure E.1. Bar graph showing activity of 14C spiked, measured, and recovered via ethanol rinse. Eight of
the sixteen flasks were rinsed. Red bars represent the activity of PFOA spiked into each flask, the purple
bars are the activity of PFOA missing, and the blue bars are the activity of PFOA recovered in the ethanol
rinse.

Table E.1. The sorption rinse activity for three rinses.
Sample CR (cpm) Final Activity (Bq)

Rinse 1

Rinse 2

Blank

24

L1

95

36.43 ± 0.64

L2

100

34.66 ± 0.61

L7

105

31.58 ± 0.55

L8

91

29.69 ± 0.52

H1

68

19.14 ± 0.35

H2

91

32.18 ± 0.57

H7

69

23.73 ± 0.43

H8

58

21.31 ± 0.39

L1

31

3.10 ± 0.06

L2

30

2.52 ± 0.05

L7

28

1.96 ± 0.04

L8

29

2.11 ± 0.04

H1

29

1.99 ± 0.04

H2

31

3.39 ± 0.07

H7

28

2.27 ± 0.04
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Rinse 3

H8

27

1.59 ± 0.03

L1

26

0.95 ± 0.02

L2

29

2.30 ± 0.04

L7

26

0.79 ± 0.01

L8

25

0.50 ± 0.01

H1

26

0.75 ± 0.01

H2

27

1.30 ± 0.02

H7

25

0.38 ± 0.01

H8

25

0.43 ± 0.01

The average of low treatments and the average of the high treatments were
calculated and applied to the eight flasks that had not been rinsed to account for what was
likely sorbed. Table C.7.1 shows the activity recovered in the rinse for each flask. The
14

C lost to sorption only accounted for a maximum of 0.55 ± 3.37% of the missing

activity. This is not a significant fraction of the 14C spiked into the flasks.

Figure E.2. Bar graph of PFOA mass spiked, missing, and recovered via ethanol rinse. Eight of the sixteen
flasks were rinsed. Red bars represent the mass of PFOA spiked into each flask, the purple bars are the
amount of PFOA missing, and the blue bars are the mass of PFOA recovered in the ethanol rinse.
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To see how much of the PFOA was desorbed compared to what is missing, the
activity was converted to mass of PFOA and can be seen in Figure E.2 (Table C.7.2).
Based on Figure E.2, it appears that there was less activity missing from the high
treatments, but a comparable amount of activity was recovered between the 8 flasks.
Figure E.2 shows that the masses are different across treatment, but an ANOVA was run
to be sure. A two-way ANOVA was conducted to analyze the PFOA missing and the
PFOA recovered in the rinse against day sampled and treatment and can be seen in Table
E.2. In this table the amount missing has been adjusted to be the amount missing as seen
in Figures 5.25 and 5.26 minus the amount recovered in the sorption to account for all the
contaminant recovered.

Table E.2. Two-way ANOVA p-values for sorbed and missing PFOA (mass and
activity). Statistically significant values are bolded.
Source

Activity Missing

Activity Sorbed

Mass Missing Mass Sorbed

Day Sampled

0.3813

0.2543

0.0212

0.1659

Treatment

0.0349

0.0564

0.0007

0.0008

Interaction

0.6382

0.3012

0.0803

0.1707

Running Tukey’s method on the missing activity did not provide any statistically
significant pairs. In both the mass sorbed and missing, the two treatments were
statistically different, regardless of the day (p < 0.0454 for all). This is unsurprising
because there was significantly more mass of PFOA in the high treatments than in the
low treatments. The mass missing for 15 mg/L was statistically significant with respect to
time. This means that statistically more mass was missing on one of the sampling days.
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By looking at Figure 5.31, there is more mass missing on day 7 than there is on day 4
(because H2 and H7 were sampled on day 7). While this sub-experiment did not show
where all the PFOA was, it showed that only a small fraction of the missing PFOA was
readily available to be desorbed.
Since a majority of the activity was still located in the nutrient solution on each
sampling day based on the results discussed in Section 5.2.6, it was hypothesized that if
the nutrient solution was not properly homogenized, that could cause a large change in
concentration. To test this, another 1 mL was taken from five 20 mL aliquots that were
saved on the sampling day after they were thoroughly homogenized. The activity
concentrations between the two samples were compared as seen in Table E.3.
Table E.3. Rerun of nutrient solution for select flasks.
Original Activity
20 mL Aliquot Activity
Sample
Concentration (Bq/g)
Concentration (Bq/g)

Ratio of Original to
Aliquot (%)

L1

12.74 ± 0.64

12.10 ± 0.62

94.98 ± 6.80

L4

12.91 ± 0.65

12.28 ± 0.63

95.10 ± 6.81

L7

14.07 ± 0.71

13.73 ± 0.70

97.59 ± 6.99

H1

25.06 ± 1.26

23.86 ± 1.22

95.19 ± 6.81

H7

28.11 ± 1.41

27.45 ± 1.40

97.62 ± 6.98

In Table E.3, this data relates to HT-5, so L is 1 mg/L and H is 15 mg/L. Recall
that there were eight samples per treatment; the number following “L” or “H” denotes the
sample number. The ratio of activity in the aliquot was 95.10 ± 6.81% or more of what
was measured with the initial aliquot. It is hypothesized that some PFOA was sorbed to
the aliquot tube resulting in the concentrations being a maximum of around 6% lower.
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This shows that the missing activity was not due to the nutrient solution being
heterogeneous.
Another possible source of the erroneous activity balance was the hypothesis that
the plant material was homogeneous. The cotyledon leaves are a different size, texture,
and consistency than the rest of the leaves on the plant and are not part of the edible
leaves. Due to the difference in this type of leaf these were not used in the quantification
of the leaf activity. To verify that this was an appropriate hypothesis to make, dry leaf
masses were taken and digested in the same way the wet leaves were to determine the
activity concentration. The probable wet weight was determined by measuring the dry
mass of leaves put into each vial and then rearranging the equation from the relative
water content (Equation 4.3) and solving for the wet weight. The activity concentration
for the two samples measured for both the wet and dry leaves can be seen in Table E.4.
Table E.4. Activity concentration for wet and dry leaf digestion (HT-5).
Sample

Dry Mass Aliquot
Activity (Bq/g)

Wet Mass Aliquot Activity
Concentration (Bq/g)

L7 (n = 1)

102.48 ± 3.81

–

L7 (n > 1)

80.20 ± 0.65

184.56 ± 2.79

H7 (n = 1)

120.48 ± 4.71

–

H7 (n > 1)

60.49 ± 0.73

95.96 ± 1.48

Looking at the difference in activity concentration for L7 and H7 based on wet
and dry digestion, there is a clear difference in the concentration based on the digestion
method (43% and 63% different, respectively). Due to this, the activity in the cotyledons
leaves cannot be determined quantitatively. Qualitatively, however, the activity
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concentration of the n = 1 leaves in both samples was higher than the rest of leaves
measured for its respective vials. These n = 1 leaves were weighed with the rest of the
leaves, but the dry weight of the n = 1 leaves for L7 and H7, respectively was 0.054 g and
0.029 g. This difference in activity concentration is not anticipated to greatly alter the
activity measured due to the small mass, but it would account for some missing mass.
This is a possible source of the missing activity, but will not account for a large amount
of the missing activity
Since there was still activity that could not be accounted for after considering the
n = 1 leaves, the homogeneous nature of the nutrient solution, and the desorbable PFOA,
the hood was the next place considered. In order for 14C to be found in the hood (on the
walls and growing lights), the bond between the 14C and the remaining PFOA structure
would have needed to be broken by the plant and released as 14CO2. This has not been
discussed in literature, and it was not found to be the case here. The lights, walls, and
hood glass were all less than or equal to 28 counts per minute and the background was
measured to be 25 counts per minute that day. This is not twice background, so this was
concluded to not be a source of the missing activity. After conducting this activity
recovery attempt, it was realized that the gas would likely not have stuck to any of the
materials. A different cocktail was used to measure the count rate, so the counts could not
be converted to an activity anyway. The last place not checked was inside of the glass.
Based on the EPA recommendation to never use glass when handling PFAS
(EPA, 2008), and not being able to account for the missing activity elsewhere, the flasks
were hypothesized to be the most likely source of the PFOA. First, 300 mL of 200 proof
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ethanol was added to one flask which was missing a large amount of activity. The flask
was sealed with parafilm and the solution was sampled around 28 hours and about 5 days
later. Count rates of 26 cpm and 27 cpm compared to a background count rate of 23 cpm
were measured for the two time points. The same flask was then carefully broken and the
pieces of glass were added to a LSC vial with a liquid scintillation cocktail to see if there
was any activity detectable.

Figure E.3. Broken glass sampled and analyzed via LSC. The glass was all taken from one sample and the
rightmost picture is not the flask but rather the aeration tip which is also glass.

The three samples run (shown in Figure E.3) from left to right are the bottom
curve of the flask, shards of the base, and the aeration tip. Measuring these three samples
produced a count rate of 1 count per minute above background with a collection time of 3
hours. If the PFOA migrated into the glass, the beta could have been attenuated by the
glass. To determine if this is the case, some pieces of the flask were pulverized in order to
minimize the shielding by glass. However, this yielded a count rate only 3 above the
background. It was concluded that the missing contaminant was not located in the flask.
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After accounting for all parts of the system, the question still remained about where the
PFOA was.
To find this activity, other researchers in our department were consulted, and it
was suggested that the PFOA partitioned on top of the nutrient solution. An additional
literature search on PFOA showed that there is literature suggesting that PFOA partitions
at the air-water interface (e.g., Lyu et al., 2018, Brusseau et al., 2019, Costanza et al.,
2019), and a bubbler would likely help the hydrophobic compound make its way to the
surface. Originally, it was believed that the bubbler would help keep the solution
homogenous, however PFOA is hydrophobic. Due to this, the vigorous swirling that was
done to ensure a homogenous mixture before sampling was likely not enough to mix the
partitioned PFOA back into the solution.
As a proof of concept that the missing contaminant was at the interface, the waste
was sampled. Luckily all of the waste from HT-5 was separated from any other waste. If
there was PFOA partitioned at the interface, there would be more activity measured than
what was determined to be the remaining activity in the nutrient solution. The total
amount of activity that was recovered in the nutrient solution (all 16 flasks) was 80312.93
± 1048.09 Bq with 35526.59 ± 1097.76 Bq unaccounted for.
Two samples were taken towards the top of the waste container, two from the
middle, and then the container was inverted and shook in an attempt to homogenize it and
then two more samples were taken towards the top. The activity concentrations for the six
samples can be seen in Table E.5.
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Table E.5. Activity concentrations for waste samples.
Activity Concentration Activity in Waste
Sample
(Bq/g)
(Bq)
Top 1

1253.05 ± 62.85

79314.98 ± 3978.32

Top 2

1259.39 ± 63.17

79716.30 ± 3998.35

Mid 1

1253.76 ± 62.89

79360.09 ± 3980.73

Mid 2

1283.06 ± 64.35

81215.03 ± 4073.37

Homogenized 1

1259.06 ± 63.15

79695.37 ± 3997.51

Homogenized 2

1257.86 ± 63.09

79619.78 ± 3993.77

Since the sample volume was the same, the activity recovered did not change by
much. We hypothesize that there would have been greater partitioning if the waste bucket
had a bubbler in it the same way that the individual flasks did. The range of the recovered
activity was between 79314.89 ± 3978.32 Bq and 81215.03 ± 4073.39 Bq. This amount
of activity recovered is reasonable based on what was put in. However, as has been
shown in multiple ways in this research, the PFOA sorbs to most containers that it is put
in. The container this waste was put in was high density polyethylene (HDPE). An
experiment involving PFAS including PFOA sorbing to microplastics (including HDPE)
was located (Llorca et al., 2018), however they found that no PFOA sorbed to the HDPE
microplastics. They also found that a maximum of 0.9% of sorbs to polystyrene (PS)
(Llorca et al., 2018). However, Lath et al. (2019) found that 27-35% of the PFOA sorbed
to PS in their experiment. Since these are very different values and Lath et al. (2019) had
a more similar experimental setup to this work, these values were used. This study did
not sample the adsorption of PFOA onto HDPE but rather onto PS, polycarbonate (PC)
and polypropylene (PP). The fraction sorbed ranged between 16 – 45% (Lath et al.,
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2019). This was taken to be the range of possible sorption to the waste container.
Accounting for this range, the activity in the waste was between 93162.99 ± 1215.79 Bq
and 116453.74 ± 1591.75 Bq resulting in a maximum of 19.57 ± 6.15% (and a minimum
of none) of the contaminant unaccounted for as opposed to 30.67 ± 1.03% unaccounted
for. Thus, the missing activity was accounted for.
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